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ABSTRACT
BIOPOLYMERS IN IONIC LIQIUDS AND THEIR MIXTURES WITH WATER
SEPTEMBER 2018
STEPHEN STRASSBURG, B.S., NORTHEASTERN UNIVERSITY
M.A., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Harry Bermudez and Professor David Hoagland

Protein solubility in neat ionic liquids (ILs), was assessed using a variety of model
proteins and different classes of ILs. The results indicate that not only can neat ILs
solubilize proteins, they do so quite regularly. Generally, ILs that are more hydrophilic or
miscible with water exhibit a larger solubility range; while those ILs that are more
hydrophobic rarely solubilize proteins. Long alkyl chains on the cation or anion of the IL
tend to lower solubility while highly denaturing anions like thiocyanate, [SCN]- or acetate,
[OAc]- solubilize all model proteins tested (though they are likely denatured in the
process).
A model protein lysozyme was tested in three ILs, 1-methyl-3-ethylimidazolium
ethylsulfate,

[C2MIM][EtSO4],

[C2,4,4,4P][Et2PO4],

and

tributylethylphosphonium
1-methyl-3-ethylimidazolium

diethylphosphate,
diethylphosphate,

[C2MIM][Et2PO4], with the last being a combination of the previous two. By dynamic
light scattering (DLS) and fourier transform infrared spectroscopy (FTIR), it was
determined that lysozyme retains its native size and secondary structure in
[C2,4,4,4P][Et2PO4] but is denatured in [C2MIM][EtSO4]. Results for [C2MIM][Et2PO4]
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indicate that lysozyme retains its native size but not its native secondary structure. These
results indicate that there is a tradeoff between solubility and structure and the interactions
responsible for denaturation are linked to those responsible for solubility.
To elucidate the phase behavior of lysozyme and the previously discussed ILs, turbidity
of protein-IL-water mixtures was assessed. A mixing dependent phase behavior was found
for both of the imidazolium ILs. When lysozyme was first dissolved in a mixture of water
or in a premixed mixture of water and IL, no insolubility region was discovered. However,
for all three IL cases, when lysozyme was first dissolved in neat IL, an insolubility region
existed. From circular dichroism (CD) measurements, the aggregation observed is due to
a loss of helical structure and an increase β-sheet conformation. In other words lysozyme
is exposing hydrophobic residues, which in the presence of water cause aggregation.
Attempts to circumvent this insolubility region using a nonionic surfactant, PEG,
temperature and dialysis were all unsuccessful.
To understand why denaturation is occurring, poly(amino acids), poly(l-lysine) and poly(lglutamic acid) were studied in water-[C2,4,4,4P][Et2PO4] mixtures at varying temperatures
and pH.

Poly(l-lysine) indicated peculiar conformational behavior and solubility,

including precipitating out of solution at neutral pHs and adopting a coiled conformation
at low IL concentrations at pH > 10. Poly(l-glutamic acid) behaved similar to inorganic
salts but at high IL concentrations, stabilized helix formation at both high pH (pH > 6) and
low pH (pH < 4). Building upon these results, protein solubility may be understood. For
the case of [C2,4,4,4P][Et2PO4], a protein more negative residues (lower pI) is more likely to
be soluble. Conversely, a protein with more positive residues (higher pI) is more likely to
be insoluble.
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CHAPTER 1
INTRODUCTION*
1.1 Introduction
ILs are attracting attention as vehicles for the long-term storage and process stabilization
of dissolved proteins.1 Comprised of two components, a cation and anion, neat ILs provide tunable
solvents for a variety of proteins and other biopolymers, and when mixed with water or aqueous
buffers, their tunability grows. According to an increasing amount of literature, the denaturing
temperature of proteins dissolved in IL−water mixtures can often be above the aqueous denaturing
temperature,2–7 and several IL−water mixtures show promise as media for enzyme catalysis,
encapsulation, recovery, and refolding.8–12 This thesis will explore interactions between ILs and
proteins or poly(amino acids). Chapter 2 will focus on protein solubility in neat ILs, with particular
focus on probing lysozyme size and structure while dissolved in neat [C2MIM][Et2PO4],
[C2,4,4,4P][Et2PO4] and [C2MIM][Et2PO4]. Chapter 3 will focus on phase behavior of lysozyme in
water-[C2MIM][Et2PO4], -[C2,4,4,4P][Et2PO4] and -[C2MIM][Et2PO4] as well as examining ways
to recover dissolved proteins. In Chapter 4, conformational diagrams of a simpler system of
poly(amino acids), poly(l-lysine) and poly(l-glutamic acid) in water-[C2,4,4,4P][Et2PO4] will give
insight on the role ILs play in altering secondary structure and solubility in IL-water mixtures.
Finally, in Chapter 5 and 6, the general conclusions and future directions of the previous 3 chapters
are discussed.
1.2 Ionic Liquids
ILs are molten salts that exist as liquids below 100 oC. Typically, the cation is large and
bulky, preventing regular crystal packing allowing for low melting temperatures (Figure 1). ILs

*

A portion of this introduction was published in Biomacromolecules, (2016), 17, 6, 4-10.
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exhibit no vapor pressure, allowing for applications in high vacuum environments. They are also
known to solubilize a large number of compounds and are often used as inert solvents for chemical
reactions.13 As solvents, they have both salt and organic properties, allowing for a wide range of
unique interactions.

Figure 1. Cartoon of symmetric salt packing versus asymmetric ionic liquid packing.
Reproduced from Sigma Aldrich website.

ILs are unique solvents that participate in a variety of interactions with varying degrees of
interaction

strengths.

Weak

interactions

include

van

der

Waals,

solvophobic

(hydrophobic/hydrophilic), and dispersion forces; while strong interactions include, coulombic,
H-bonding and dipole-dipole interactions.15–17 The many varied interactions can be tuned by
altering the chemistry of the cation or anion, hence ILs are often referred to as “tunable solvents”.
This “solvent tunability” gives several advantages. The sheer number of different combinations
(Figure 2) allows a wide variety of solvents with different physical properties18 which can be seen
in IL use for a diverse range of applications; such as in medicines, foods, plastics, surface coatings,
CO2-capture and as lubricants.1,15,16,18 ILs also have another advantage over typical organic
solvents; they are generally less toxic and less prone to bioaccumulation.19 Since organic solvents
are often volatile, contamination problems often arise during storage and transport that can lead to
environmental pollution. Since ILs have negligible vapor pressure, they are more safely stored
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and transported without negative environmental impacts. This benefit is often why ILs are referred
to as “green” solvents.

Figure 2. Common IL cations (red) and anions (blue). Reproduced from Castner et al.18

1.3 Why is protein storage in non-aqueous media important?
Protein and therapeutic storage is a major economic and technological issue. The structure
and activity of most native proteins is only marginally stable.20 Salt conditions, pH conditions,
temperature and solvent environment can all cause denaturation of even the most stable
proteins.21,22 Once denaturation occurs it is often irreversible and in the case of many proteins,
their activity and function ceases. In fact, most vaccines or therapeutic proteins never reach their
target due to supply chains issues often involving refrigeration.23 Eliminating the need for
refrigeration or finding solvents where proteins can remain stable for significantly longer amounts
of time compared to aqueous buffers will vastly help to reduce cost for therapeutic drugs and
vaccines. ILs display attractive attributes for the long-term storage of proteins1,12,24–28, protein
encapsulation10,29, protein refolding4,8,9,30 and enzyme biocatalysis7,31–33 that may help to prevent
vaccine and therapeutic wastage. Either neat or mixed with water/buffer, ILs provide readily tuned
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solvency through simple exchange of cation and/or anion. Understanding the properties of the IL
that will help to stabilize protein structure will lead to a predictive method of tuning appropriate
ILs for specific proteins. Until this can be done in a reliable way ILs will likely not see major
commercial pharmaceutical use for long-term storage and transport.
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CHAPTER 2*
PROTEIN SOLUBILITY AND STRUCTURE IN NEAT IONIC LIQUIDS
2.1 Introduction
Despite significant past study of ILs as protein solvents and stabilizers, choosing an
appropriate IL to achieve a desired protein outcome remains challenging; an IL suitable for one
protein may be highly unsuitable for another, and the range of IL choices is vast. Attri et al., for
example, found that lengthening the alkyl substituents on imidazolium and phosphonium IL
cations weakened the IL-stabilization of chymotrypsin,30 and Yan et al. noted the same trend for
bovine serum albumin in the 1-alky-3-methylimidazolium IL series [CnMIM][Br] (n = 4, 6, 8,
10).34 However, the latter also reported that reducing alkyl substituent length does not promote
stabilization of all proteins. Many investigations of protein solubility/stability in IL−water
mixtures demonstrated that the anion exerts a larger (and more complex) role than the cation.9,24,26
To identify and isolate impacts from cation and anion on proteins dissolved in water−IL mixtures,
Constantinescu et al. developed correlations between ion positions in the Hofmeister series and
RNaseA stability,3 and Akdogan et al. and Fujita et al. developed similar Hofmeister connections
for human serum albumin and cytochrome c, respectively.26,35 However, these correlations are far
from perfect, and the Hofmeister series would seem of little relevance to the highly concentrated
or neat ILs.
The concentration of IL in a protein−IL−water mixture strongly affects protein
solubility/stability. Byrne and Angell, for example, demonstrated a protic IL’s ability at relatively
high concentration to fibrilize lysozyme by destabilizing its helical structure.36 Differently, the αhelical structure of Aβ(1−40) peptide transforms into amyloid fibrils at low concentration of

*
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triethylammonium methylsulfate IL, [Tea][MeSO4], but its helical structure is stabilized at high
concentration of the same IL.37 Understanding how concentrated or neat ILs preserve or disrupt a
protein’s structure is crucial to the development of ILs as protein or polypeptide storage media.
Only little attention has been directed at the dissolution of proteins in neat ILs (those with no
detectable water) or IL-rich environments.25,38 Bihari et al. suggested that neat [C2MIM][EtSO4]
disrupts the tertiary structure of dissolved cytochrome c but leaves its secondary structure mostly
intact.25 Further, this study determined that, despite denaturation, cytochrome c molecularly
dissolves in this IL, displaying no tendency to aggregate or precipitate.25
Despite the lack of literature in neat ILs, a set of IL prototypes was chosen based on relevant
literature (Figure 3). The cations include ammonium, [C1,8,8,8N]+, phosphonium, [C2,4,4,4P]+ or
[C6,6,6,14P]+, pyrrolidinium, [C1,4Pyr]+, and imidazolium, [C2MIM]+ or [C4MIM]+, and the anions
include ethylsulfate, [EtSO4]-, diethylphosphate, [Et2PO4]-, dicyanamide, [DCA]-, thiocyanate,
[SCN]-, acetate [OAc]-, tetrafluoroborate, [BF4]-, hexafluorophosphate, [PF6]-, and chloride [Cl]-.
These ions cover a wide range of hydrophobicity/hydrophilicity, Lewis acidity/basicity, ion size,
dielectric constant, and so on.16,39,40 Together, the cation and anion determine the balance of forces
that is ultimately responsible for protein solubility. Similarly, proteins chosen spanned many of
the well-studied model proteins (e.g., myoglobin, lysozyme, and albumins) in literature. These
model proteins exhibited a wide range of hydrophobicity, secondary structure, function, charge/pI
and molecular weight.41

6

Figure 3. IL Prototype chemical structures for protein solubility testing.

2.2 Protein Solubility in Neat ILs
As opposed to the vast literature on proteins in IL−water mixtures, the literature on proteins
in neat ILs, or in aqueous mixtures with an IL as the majority component, remains scant. 25,36,42
Nearly all of the previous investigations of proteins in IL−water mixtures did not continue to IL
concentrations beyond those causing the test protein to separate from an aqueous mixture, which
viewing the IL as a salt, might be characterized as “salting out”. Thus, the presence of a window
of solubility at higher IL concentration and extending to neat IL was missed. To discern factors
that influence protein dissolution in neat ILs, a protein−IL solubility matrix was constructed as
shown in Table I. Table I indicates homogeneity, i.e., solubility, with a ○ and insolubility with an
×.
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Table 1. Room Temperature Solubilty Matrix for Dilute Proteins in ILsa

To achieve dissolution, 10 mg/mL of lyophilized protein powder was added to neat IL. All
of these protein−IL mixtures were heated up to 60 °C for up to 3 days. When the samples looked
visually homogeneous, they were immediately cooled to room temperature for storage;
homogeneity was either attained in less than a day or not at all, the latter indicating insolubility.
For lysozyme in [C2,4,4,4P][Et2PO4], solutions dissolved at temperatures above 35 oC but solutions
became turbid below this temperature. The process of dissolution (by reheating to 35 oC) and slow
precipitation (by cooling to room temperature) of lysozyme in [C2,4,4,4P][Et2PO4] was reversible
with temperature.

The table establishes two important results, that (i) many proteins dissolve in

appropriate neat ILs and (ii) different neat IL classes can support protein dissolution. Both
conclusions are apparently new and somewhat unexpected. Also, the table suggests that neat
hydrophilic ILs−those miscible with water−seem better disposed to protein dissolution than those
that are hydrophobic. Though it should be noted that proteins that are hydrophobic, such as
transmembrane proteins, may behave significantly different than the globular proteins tested here.
For lysozyme in three ILs, [C2,4,4,4P][Et2PO4], [C2MIM][EtSO4], and [C4MIM][SCN], the
maximum solubility (i.e., saturation concentration) was explored by visual inspection to
higher concentrations than the 10 mg/mL standard established for Table I, with results for three
cases reported in Table II. Above 15 mg/mL, lysozyme-[C2,4,4,4P][Et2PO4] mixtures at 35 °C
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became turbid. (All concentrations at 20 °C were turbid). However, for lysozyme in
[C2MIM][EtSO4] and [C4MIM][SCN] at 20 °C, visual homogeneity was maintained up to 60
mg/mL (the highest concentration tested.) Each lysozyme solution was also examined by DLS to
determine Rh, with results also given in Table II. For [C4MIM][SCN], Rh ∼ 3.2 ± 0.8 nm,
consistent with the protein’s denatured size in buffer.43 DLS results for [C2MIM][EtSO4] and
[C2,4,4,4P][EtPO4] are discussed in the next section.
Table 2. Maximum solubility and Rh lysozyme in three different ILs

Ionic Liquid
[C2,4,4,4P][Et2PO4]a

Solubility Rh (nm)
(mg/mL)
15
1.8±0.4

[C2MIM][EtSO4]b

≥60

2.4±0.3

[C4MIM][SCN]b

≥60

3.2±0.8

a
b

Samples tested at 35 oC
Samples tested at 20 oC

Lysozyme’s high solubility and denatured size in [C4MIM][SCN] is anticipated, as the
thiocyanate anion is strongly denaturing44 in aqueous buffers; therefore, proteins dissolved in
neat [C4MIM][SCN] likely lose their native conformations, favoring dissolution. The
protein−solvent interactions necessary for dissolution are essentially the same as those responsible
for denaturation, so dissolution coincident with structure retention requires interactions of
narrowly defined strength. Fortunately, thousands of ILs are known, spanning a range of
protein−solvent interaction strengths, and as importantly, many ILs are mutually miscible,
allowing easy preparation of ILs of intermediate solvent strength.
Guided by Table I, lysozyme in [C2,4,4,4P][Et2PO4] and [C2MIM][EtSO4] (Figure 4) were
chosen as prototype ILs for subsequent conformation analysis. Although not solubilizing all
proteins, [C2,4,4,4P][Et2PO4] and [C2MIM][EtSO4] have a higher DLS scattering contrast (i.e., large
refractive index increment) with proteins than [C2MIM][OAc], which produced no correlation
9

function in DLS. Equally significant, [C2,4,4,4P][Et2PO4] and [C2MIM][EtSO4] presented no peaks
in the amide I region of FTIR allowing for a qualitative assessment of secondary structure.
Normally circular dichroism (CD) would be used to assess the fraction of α-helix, β-sheet and
random coil but due to high absorption in the far UV of neat ILs, CD is not possible. Finally, both
of the chosen prototype ILs are fully miscible with water at room temperature and elevated
temperatures, and the two are thus suitable for the mixed solvent investigations.

Figure 4. Ionic liquid structure for 1-ethyl-3-methylimidazolium ethylsulfate, [C2MIM][EtSO4],
and tributylehtylphosphonium diethylphosphate, [C2,4,4,4P][Et2PO4].
2.3 Protein Size in Neat ILs
All dynamic light scattering measurements, DLS, of hydrodynamic radius, Rh were
performed using an ALV (model: SP-125) or Brookhaven (model: BI-200SM) scattering
instrument operated at an angle between 30° and 120° and a temperature, T between 20 and 90 °C.
A thermocouple immersed in the scattering vat allowed T to be controlled within ±0.5 °C, and
across the T range, the IL viscosities and refractive indices needed for data interpretation were
obtained from literature.45,46 Error bars attached to Rh correspond to 95% confidence intervals of
the student t-distribution as calculated from three replicate measurements. All Rh distributions were
narrow as calculated by CONTIN and second-order cumulants analyses, and the reported Rh is that
determined via the CONTIN analysis of the correlation function.
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Using DLS, the size of lysozyme in [C2,4,4,4P][Et2PO4] and [C2MIM][EtSO4] can be
obtained, giving insight into the molecular dissolution and potential denaturation of the protein.
Control experiments with lysozyme in 150 mM PBS buffer at pH 7 (native) and pH 12 (denatured)
indicate that lysozyme has an Rh ≈ 2.0 ± 0.4 nm and Rh ≈ 2.9 ± 0.4 nm respectively. Both of these
values are in accordance with literature values for native and denatured lysozyme in aqueous
buffer.43
As presented in Figure 5, for T near and above 35 oC, Rh of lysozyme in [C2,4,4,4P][Et2PO4]
tracks closely with Rh of lysozyme in aqueous buffer, and in both cases, Rh ≈ 2.0 ± 0.4 nm, in
accord with a literature value of Rh for the protein’s native state.43 Below 35 °C, where solubility
in the aqueous buffer persists with Rh unchanged, lysozyme in this IL separates and settles. And at
higher T, near and above 70 °C, the protein’s thermal denaturation in the aqueous buffer induces
aggregation and a resulting abrupt upturn in Rh.43 Trends in this higher T range for
[C2,4,4,4P][Et2PO4] are much different, with solubility maintained absent aggregation even as T
rises well above the aqueous denaturation temperature of 69−72 °C.47

5.0

Buffer
[C2MIM][EtSO4]

Rh (nm)

[C2,4,4,4P][Et2PO4]

2.5

0.0
20

40

60
T (°C)

80

Figure 5. Hydrodynamic radius Rh vs T for lysozyme in [C2,4,4,4P][Et2PO4], [C2MIM][EtSO4]
and pH 7 aqueous phosphate buffer.
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The same data show constant Rh for lysozyme in [C2MIM][EtSO4] up to 55 °C, a small
increase in protein size with subsequent heating, and finally, a higher and constant Rh above 65 °C
(Figure 5). Lysozyme thus appears to heat denature in [C2MIM][EtSO4], but this event is not
accompanied by aggregation; also, unlike aqueous buffer, a clear T onset for denaturation is not
evident. Even at 20 °C, Rh is slightly higher than in buffer or [C2,4,4,4P][Et2PO4], suggesting a slight
denaturation has already occurred. The samples in IL required heating for protein dissolution, a
possible explanation for the initial denaturation. In the high T plateau, Rh ≈ 3.2 ± 0.2 nm, consistent
with control experiments finding that Rh ≈ 2.9 ± 0.4 nm when lysozyme is denatured in a pH 12
buffer and a literature report that Rh ≈ 3.4 nm for the denatured protein.43 Interestingly, with
cooling to room temperature of the [C2MIM][EtSO4] solution heated above 65 °C, Rh returns to
its initial value. Such a recovery may indicate a refolding to the native state, or equally, a
misfolding to a compact state of the same overall size. Notwithstanding trends of Rh with T, key
outcomes of the DLS experiments are that (i) lysozyme can molecularly dissolve in the two ILs
(at least within appropriate ranges of T) and (ii) the T-dependent solubilities of lysozyme in the
two ILs are different. These ILs are disparate, varying in ionic strength, hydrophobicity, cation
identity, and anion identity, and so their interactions with lysozyme are clearly different. Trends
in solubility and structure are obviously not universal (and probably complex), a conclusion in
agreement with the complicated pattern of protein solubilities in Table I.

2.4 Protein Structure in Neat ILs
A PerkinElmer Spectrum ATR FTIR spectrometer provided room temperature spectra for
lysozyme in D2O salt solution and ILs; 128 scans at 2 cm−1 resolution were averaged. For spectra
collected above ambient T, samples were preheated to the desired T and then dropped directly onto
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the scanner, where T was monitored by a thermocouple. Because T drops due to heat loss, only 16
scans at 2 cm−1 resolution could be taken at higher T.
Both [C2,4,4,4P][Et2PO4] and [C2MIM][EtSO4] lack any signal in the amide I region making
them ideal candidates for testing with lysozyme over many of the other ILs. The amide I region in
FTIR is highly sensitive to α-helix and β-sheet structures (See Table III for general secondary
structure ranges). Lysozyme consists of ∼45% α-helix, ∼19% β-sheet, and ∼36% random coil it
typically has an amide I signal near ~1650 cm-1 in its native state.48 Therefore, to look for ILinduced changes in secondary structure, the amide I peak position of lysozyme in the ILs can be
compared to the literature peak position at 1650 cm−1 for a qualitative assessment of lysozyme
secondary structure.49
Table 3. Ranges of Secondary Structures from the Amide I Peak49,50
Secondary
D2O
H2O
Structure
Min (cm-1) Max (cm-1) Min (cm-1) Max (cm-1)
α-helix
Unordered
(Coil)

β-Sheet

1645

1662

1650

1658

1637

1645

1640

1650

1613

1637

1617

1647

1682

1689

1670

1695

1696

1743

Although no aggregation in the two prototype ILs was observed even above the aqueous
denaturing temperature, notable differences in Rh were seen, and for [C2,4,4,4P][Et2PO4], Rh across
the full T range was consistent with the protein in its native conformation. At 35 °C, the lowest T
at which lysozyme dissolves in [C2,4,4,4P][Et2PO4], Figure 6 shows the amide I peak at 1650 cm−1,
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and at 20 °C, the lowest T tested with [C2MIM][EtSO4], the same figure displays the amide I peak
located at 1648 cm−1. While subtle, the shift to lower wavenumber in the latter IL is consistent
with a difference (loss) of helical structure.51–53 At 80 °C, the amide I peak in [C2MIM][EtSO4]
shifts even more, to 1644 cm−1, indicating an even larger loss of helical structure. In D2O salt
solution at 80 °C, where the protein is known to adopt a random coil conformation,53 the peak also
lies at 1644 cm−1. Trends in IL and buffer resemble effects noted at high IL concentration in
IL−water mixtures as lysozyme loses its helical structure and forms fibrils.36 Rather surprisingly,
Figure 6 indicates that at all T up to 80 °C the amide I peak in [C2,4,4,4P][Et2PO4] remains at 1650
cm−1, suggesting that the IL not only supports but also stabilizes α-helical structure. Both FTIR
and DLS data point to T-independent retention of secondary structure in neat [C2,4,4,4P][Et2PO4]
and T-dependent loss of secondary structure in neat [C2MIM][EtSO4]. Of course, the amide I peak
position is only an overall indicator of protein secondary structure, and denaturation in tertiary
structure might occur independently, as seen previously for cytochrome c in [C2MIM][EtSO4].25
D 2O

A

B

[C2,4,4,4P][Et2PO4]

Absorbance (a.u.)

[C2MIM][EtSO4]

1600

1650

1700 1600

-1

1650

-1

1700

cm

cm

Figure 6. FTIR of lysozyme in (A) D2O at 20 °C, [C2,4,4,4P][Et2PO4] at 35 °C, and
[C2MIM][EtSO4] at 20 °C; and (B) D2O, [C2,4,4,4P][Et2PO4], and [C2MIM][EtSO4], at 80 °C.
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The FTIR results from lysozyme in [C2,4,4,4P][Et2PO4] showed no change with increasing
temperature but little was known quantitatively about the exact nature of lysozyme secondary
structure in neat IL. Several attempts of deconvolution using OriginLab and the SpectrumOne
FTIR software were attempted to quantify the fraction of α-helix, β-sheet and coil of lysozyme in
neat IL. These deconvolutions were largely considered unsuccessful usually giving results that
favored a large fraction of α-helix (> 80 %) or a large fraction of coil (> 60 vol %). Despite failure
of deconvolution to quantify the secondary structure of lysozyme, it was believed that
[C2,4,4,4P][Et2PO4] was stabilizing the helix (peak location ~1650 cm-1). In order to test this
hypothesis that the helix of lysozyme was stabilized in [C2,4,4,4P][Et2PO4], poly(amino acids) were
used; with the idea that poly(amino acids) are simpler system that are often used in comparison to
protein secondary structures. Both poly(l-lysine), MW ~ 50 kDa, and poly(l-glutamic acid), MW
~ 75 kDa, were chosen for testing in neat [C2,4,4,4P][Et2PO4]. However, only poly(l-glutamic acid)
was soluble in neat IL.
For temperature ramps in FTIR using 10 mg/mL poly(l-glutamic acid) dissolved in neat
[C2,4,4,4P][Et2PO4], a drop of poly(amino acid) dissolved in IL at room temperature was placed on
the ATR crystal. A thermocouple was added to the liquid before a copper plate was then placed
on top of the ATR crystal and bolted down. Electrodes were connected to the copper plate and
temperature was adjusted by an electric transducer. The T of the plate and IL was monitored and
FTIR spectra were taken every 5 oC. For temperatures ramps in CD, 0.5 mg/mL of poly(l-glutamic
acid) dissolved in neat [C2,4,4,4P][Et2PO4] was monitored in a JASCO 720 series UV/CD
spectrophotometer. Temperature was monitored by a temperature controller and the mdeg at λ =
222 nm were recorded every 5 oC. Control samples of 0.1 mg/mL of poly(l-glutamic acid) in 150
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mM citrate buffer at pH 4 (helix) and in 150 mM PBS pH 7 (coil) were also tested. The θ mdeg at
222 nm were normalized to mean residue ellipticity, [θ], using the following equation:

[𝜽]𝟐𝟐𝟐 =

𝛉𝐦𝐝𝐞𝐠(𝟐𝟐𝟐)

(1)

𝒏∗𝟏𝟎∗𝒍∗𝒄

where θmdeg(222) is observed signal in mdeg at 222 nm, n is the total number of amino acids, l is
pathlength of the cell (usually 1 mm) and c is the molar concentration of the polypeptide. After
normalization, [θ] 222 can be directly compared to both control samples. Higher negativity is
proportional to a greater fraction of helix. Note that in most cases due to the large absorbance of
neat IL in the far UV the spectra was truncated at λ > 230 nm. [C2,4,4,4P][Et2PO4] is an exceptional
case, where in neat IL, the spectra was truncated at λ ~ 220 nm allowing [θ] 222 vs T to be monitored.
5
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Figure 7. Poly(l-glutamic acid), MW ~ 75 kDa, in neat [C2,4,4,4P][Et2PO4]. (A) Amide I peak
position vs T and (B) [θ] 222 vs T
The FTIR results of poly(l-glutamic acid) dissolved in neat [C2,4,4,4P][Et2PO4], shown in
Figure 7A, indicate no shift in the amide I peak position, 1651 cm-1, independent of T, evidence of
an α-helix.

CD results, shown in Figure 7B, similarly indicate, [θ] 222 changes little with

temperature. When compared to pH 4 citrate buffer (helix) and pH 7 PBS buffer (coil) it is clear
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the negativity of [θ] 222 changes significantly less with T for poly(l-glutamic acid) in neat IL than
in buffer. The FTIR and CD results indicate that poly(l-glutamic acid) is forming an α-helix in
neat IL and this helix is stabilized even a high temperatures. A similar helix-stabilization effect is
likely occurring with lysozyme. A more in depth look into poly(l-glutamic acid) and poly(l-lysine)
in [C2,4,4,4P][Et2PO4]-water mixtures is examined in Chapter 4.
2.5 Tailoring ILs for protein structure stabilization and solubility
The results from DLS and FTIR indicate that there is a tradeoff between protein solubility
and protein structure retention in neat ILs.

The increased solubility of lysozyme in

[C2MIM][EtSO4], appears to come with a loss of tertiary and secondary structure. Meanwhile, the
DLS and FTIR results with lysozyme indicate no loss of tertiary or secondary structure but
solubility is only obtained at higher temperatures. Further experiments with the poly(l-glutamic
acid) appear to indicate that [C2,4,4,4P][Et2PO4] helps to stabilize the α-helix at high temperatures.
Given these two competing effects, it was proposed that a new IL could be tailored that both
solubilized many proteins as well as stabilized their tertiary and secondary structures. The cation
of the imidazolium, [C2MIM]+, was chosen due to its hydrophilic nature and because of the large
body of literature where it is used in protein solubility and refolding studies.9,29,31,54–57 The
diethylphosphate anion, [Et2PO4]-, was chosen as the complementary ion with the imidazolium
cation to make [C2MIM][Et2PO4]. While there is little literature on the [Et2PO4]- in inorganic salts
or ILs, it was hypothesized the most likely candidate that stabilized the helix in [C2,4,4,4P][Et2PO4].
Figure 8, shows the chemical structure for three ILs: [C2,4,4,4P][Et2PO4] and [C2MIM][EtSO4] as
well as the newly designed [C2MIM][Et2PO4]. A procedure for making [C2MIM][Et2PO4] can be
found in Appendix A.
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Figure 8. IL structures for “tailoring” a new IL using the cation from [C2MIM][EtSO4] and the
anion from [C2,4,4,4P][Et2PO4] to make 1-ethyl-3-methylimidazolium diethylphosphate
([C2MIM][Et2PO4])

Much like the previous work with [C2,4,4,4P][Et2PO4] and [C2MIM][EtSO4], several model
proteins were dissolved in neat [C2MIM][Et2PO4] and observed visually for homogeneity. The
results are recorded, along with results for [C2,4,4,4P][Et2PO4] and [C2MIM][EtSO4] as a
comparison, in Table IV. Homogeneity, i.e., solubility, is indicated with a ○ and insolubility with
an ×. All proteins that were tested, dissolved in [C2MIM][Et2PO4]. In some cases, as with
lysozyme, ovalbumin and both the albumins, the proteins dissolved in neat IL at room temperature.
Lysozyme especially had a high solubility, where protein-IL mixtures could be made up to 60
mg/mL. The solubility results appeared to indicate that the hydrophobic [C2,4,4,4]+ cation was the
cause for the poor solubility of lysozyme in [C2,4,4,4P][Et2PO4]. Simply replacing a hydrophobic
cation with one more hydrophilic one could effectively allow for a wide number of proteins to
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solubilize. This mixing and matching of cation-anion pairs is an example of what makes ILs ideal
“tailorable” solvents for protein storage.

Table 4. Protein Solubility in [C2MIM][EtSO4], [C2MIM][Et2PO4] and [C2,4,4,4P][Et2PO4].
[C2,4,4,4P][Et2PO4]

[C2MIM][Et2PO4]

[C2MIM][EtSO4]

Bovine Serum Albumin

O

O

X

Human Serum Albumin

X

O

X

Ovalbumin

O

O

O

Myoglobin

O

O

O

alpha-Chymotrypsin

O

O

O

Lysozyme

O

O

O

Cytochrome C

O

O

O

Lactoferrin

X

O

O

gamma-Globulins

X

O

O

Fibrinogen

X

O

X

Before the wide number of soluble proteins was tested in DLS and FTIR, lysozyme was
tested as a control. The size of lysozyme in [C2MIM][Et2PO4], Rh ≈ 1.8 ± 0.6 nm, tracks closely
with Rh of lysozyme in aqueous buffer (Figure 9A.) and in accordance with a literature value of Rh
for the protein’s native state.43 Results from DLS, appeared to indicate that lysozyme was not only
molecularly soluble but had retained its tertiary structure in [C2MIM][Et2PO4]. Despite retaining
its native size, the FTIR results (Figure 9B) were not as clear. The amide I peak positon was
shifted from 1650 cm-1 to 1662 cm-1. From Table III, 1662 cm-1 is the maximum wavenumber
range an α-helix is observed. This could mean that the protein is adopting a more “helix-like”
conformation, i.e. more than the traditional 45 % of the lysozyme is now α-helix. However, the
average peak position is largely a superposition of all of the structure peaks, α-helix, β-sheet and
19

coil, therefore it is likely more complicated than a simple explanation of increase in α-helix
structure in the protein. Unfortunately, due the π-electrons strong absorption in the far UV from
the imidazolium of [C2MIM][Et2PO4], CD was not possible.

Figure 9. Lysozyme in [C2MIM][Et2PO4], (A) Rh vs T and (B) amide I peak position

Without an alternative characterization method, is was not possible to quantify any
secondary structure changes of lysozyme in neat [C2MIM][Et2PO4]. It could only be said that
despite retaining its native size, lysozyme had not retained its native secondary structure. Still,
despite this setback, [C2MIM][Et2PO4] showed incredible versatility for protein solubility. This
versatility was tailored using just the two ILs that we had previously tested. Given the plethora of
cation-anion combinations, tailoring ILs that meet solubility and structure retention needs of
specific proteins seems very plausible.
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2.6 Factors Affecting Solubility and Conformation
Lysozyme dissolved in the three different ILs, [C2,4,4,4P][Et2PO4], [C2MIM][EtSO4] and
[C2MIM][Et2PO4] each produce different results in solubility and conformation despite the
common cation or anions in two of the three ILs. Therefore it is not simply the cation or the anion
alone that determines protein solubility (and conformation) but the interaction between both ions
and the protein.
For a protein to be soluble, a sufficiently favorable mixing interaction must be maintained
with the solvent. For [C2,4,4,4P][Et2PO4], [C2MIM][EtSO4] and [C2MIM][Et2PO4], both IL anions
are Lewis bases that act as hydrogen-bond acceptors (HBA) for the protein amide groups.58,59 The
relative strength of this interaction is revealed by the anion pKa, with [EtSO4]- being a better HBA
than [Et2PO4]- (see Table V below). Second, the IL cation, [C2MIM]+, can act as hydrogen-bond
donors (HBD), thereby interacting with the protein backbone carbonyl groups. The [C 2,4,4,4P]+
cation, however, has no such HBD ability. These interactions are consistent with the larger
(thermal) solubility window for [C2MIM][EtSO4] and [C2MIM][Et2PO4] as compared to
[C2,4,4,4P][Et2PO4]. Overall, the solubility results of Table 1 are rationalized by consideration of
anion basicity, cation acidity, and hydrophobicity. As a general rule, proteins do not dissolve in
hydrophobic ILs such as [C4MIM][BF4] and [C6,6,6,14P][Cl]. On the other hand, if the total
interaction strength between IL ions and protein is too high, as typical with thiocyanate, [SCN]-,44
the protein not only dissolves but also unfolds. Lysozyme in [C2MIM][EtSO4] shows thermally
induced unfolding (Figure 5 and 6) similar to its behavior in buffer, but importantly and differently,
the protein does not aggregate afterward. The unfolding can be explained in terms of the enthalpy
loss associated with an increased number of protein−solvent contacts (e.g., favorable
acidity/basicity), the conformational entropy gain as the protein disorders, and possibly, the
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entropy gain due to changes in protein solvation. For lysozyme in [C2,4,4,4P][Et2PO4], the protein
mostly, or fully, retains its native size and secondary structure as T increases (Figure 5 and 6).
While [C2,4,4,4P]+ cations have weak, favorable interactions with newly exposed hydrophobic
residues, we speculate that this bulky cation displaces or otherwise obstructs the interaction of
[Et2PO4]− anions with protein amides. The net result is the exchange of a strong favorable
interaction (anion-amide) with a weak favorable interaction (cation-hydrophobic R group),
shifting the equilibrium toward the folded state. For the final case, [C2MIM][Et2PO4], solubility
was obtained for all proteins is observed. The increased protein solubility is likely due the
replacement of the hydrophobic [C2,4,4,4P]+ cation; which not only makes the IL more hydrophilic
but also adds a HBD with the [C2MIM]+ cation. However, in replacing the cation, competition
between the [C2,4,4,4P]+ and [Et2PO4]- is no longer present. The new interaction between [C2MIM]+
and [Et2PO4]+ behaves more similar to [C2MIM][EtSO4] with the [Et2PO4]- being a weaker HBA.
This weaker interaction likely explains the lysozyme conformation in [C2MIM][Et2PO4], where
lysozyme retains a native size, but not a native secondary structure. Consider that with similar
cations, the strength of interaction follows as [SCN] > [EtSO4] > [Et2PO4] where the stronger the
interaction the more likely denaturation occurs. The anion [Et2PO4]- is weak enough to prevent
significant tertiary changes as seen in [SCN] and [EtSO4] but strong enough disrupt secondary
structure. Therefore pairing [C2MIM]+ with a weaker anion with a pKa below 1.29 may both
facilitate solubility while prevent denaturation.
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Table 5. pKa values for anions60
Anion

pKa

[OAc]

4.76

[SCN]

4.0

[EtSO4]

2.0

[Et2PO4]

1.29

[Cl]

-8.0

[Br]

-9.0

2.7 Conclusions
The results from experimentation with proteins in ILs are varied. A variety of different
proteins ranging in pI, MW, structure, function, ect. was shown to be soluble in a variety of ILs
with many different cations and anions. Some of the trends observed in IL-water mixtures hold
true for neat ILs. Increasing alkyl chain length (in our case of the cation but it likely holds true for
the anion as well) decreases the solubility of proteins similar to what Attri et al observed.30 Much
like in IL-water mixtures, 3,9,26 the anion appears to play an important role in solubility. Looking
at the ILs with the common cation, [C4MIM]+, the anions [OAc]- and [SCN]-, solubilize all proteins
tested while the anions [PF6]- and [BF4]- solubilize none of the tested proteins. There are also ILwater trends that do not hold true for neat ILs. The Hofmeister series of anions for RNaseA (a
similar protein to lysozyme in MW and secondary structure) with increasing solubility (left to
right), developed by Constantinescu et al.3
[SO4]2- < [HPO4]2- < Cl- < [EtSO4] < [BF4]- ≈ Br - < [SCN]- < [DCA]-

appears to have little in common with the results from the solubility matrix in Table I. Similarly,
imidazolium ILs, including [C2MIM][EtSO4], are often used as structure stabilizing or refolding
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agents in IL-water mixtures,1,9,31 yet for lysozyme in neat [C2MIM][EtSO4] tertiary and secondary
structure was not retained.
Despite the similarities and differences between protein solubility in neat IL and IL-water
mixtures, there are three key results for protein solubility and structure in neat ILs that have been
determined. First, many proteins dissolve in appropriate neat ILs and different neat IL classes can
support protein dissolution. Second, there is a tradeoff between protein solubility and structure
retention. Third, tailoring ILs, by mixing and matching cations and anions, is a promising way to
manipulate IL properties to offset the solubility/structure tradeoff. Understanding the interplay
between protein solubility and structure in neat ILs will vastly help in tailoring ILs to meet specific
protein requirements. While this work in neat IL is not fully able to predict what proteins will be
soluble in which IL (and if they will retain native structure or activity), it begins to lay a foundation
for future work.
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CHAPTER 3
PROTEIN SOLUBILITY IN IONIC LIQUID-WATER MIXTURES
3.1 Introduction
While the preceding chapter elucidated aspects of protein solubility in neat ILs and later
lysozyme’s structure in [C2,4,4,4P][Et2PO4], [C2MIM][EtSO4] and [C2MIM][Et2PO4], elucidating
these aspects in IL−water (or buffer) mixtures is just as important. As in any IL−protein
technology, the protein must eventually be transferred to buffer, a step exposing the protein to
mixed solvent at stage(s) during the transfer. Many studies investigated the impacts of ILs on
proteins in dominantly water (or buffer) environments, but in the majority, experiments were only
conducted at IL concentrations below the onset of phase separation (or precipitation), usually noted
at an IL volume fraction in the range of 10−30%.1,3,4,26,34,57,61 Knowledge of solubility across the
full composition space, neat buffer to neat IL, has not been addressed, even in the limit of low
protein concentration, perhaps due to an expectation that the protein will remain insoluble at all
compositions above the onset of insolubility. Phase behavior of proteins in IL−water (buffer)
mixtures is potentially a rich topic, and recognizing the significant number of unknowns, this
chapter focuses on lysozyme’s solubility and phase behavior in [C2,4,4,4P][Et2PO4]-,
[C2MIM][EtSO4]- and [C2MIM][Et2PO4]-water mixtures.

3.2 Protein-IL-Water Phase Behavior*
Initial IL-water experiments began with [C2,4,4,4P][Et2PO4] and [C2MIM][EtSO4] using
dialysis in the hopes of recovering lysozyme for assay testing. Typically 10 mg/mL of lysozyme

*A

portion of Protein-IL-Water Phase Behavior was previously published in Biomacromolecules,
(2016), 17, 6, 4-10.
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was dissolved in either IL and then added to micro-dialysis bags (< 1 mL total volume). These
bags were placed in large 1 L beakers of either water or 150 mM PBS at pH 7 (buffer). Universally,
after several hours the protein had precipitated out of solution.

Figure 10. Schematic of the general procedure for 5 stage “stepped” dialysis procedure.
After the initial dialysis attempts failed, an “incremental” or “stepped” dialysis procedure
was devised to evade the precipitation inevitably noted when IL−protein solutions were dialyzed
directly against buffer was attempted. The experiment consisted of using a solvent mixture of
[C2MIM][EtSO4] and water or buffer in five stages (Figure 10). In this procedure, lysozyme
dissolved in the neat IL was initially dialyzed across a 4−8 kDa molecular-weight-cutoff
membrane against a bath of 90 vol % IL and 10 vol % water. After 24 h, the bath was adjusted to
70 vol % IL and 30 vol % water, followed by 50 vol % IL and 50 vol % water 24 hours later. The
plan was to repeat this rise of water content (eventually replacing water with buffer) in subsequent
steps. However, lysozyme separated somewhere between ∼70 and ~50 vol % IL, terminating the
protocol (Figure 11A). The protein was made insoluble by adding water to salt rather than the
reverse, the usual course of “salting out”. The precipitated lysozyme was recovered via
centrifugation (Figure 11B) and attempted to redissolve in buffer (Figure 11C) or [C2MIM][EtSO4]
(Figure 11D). Both attempts at redisolving the precipitated lysozyme proved to be unsuccessful.
The results from stepped-dialysis did yield two important observations, (i) lysozyme remained
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soluble until somewhere between 70 vol % and 50 vol % IL, an observation missed by the original
dialysis experiments and (ii) lysozyme did not dissolve in either buffer or [C2MIM][EtSO4] likely
indicating lysozyme was irreversibly denatured. Later attempts of dissolving the lysozymeprecipitate in hydrophobic ILs such as [C4MIM][BF4], [C4MIM][PF6], [C1,8,8,8N][Cl] and
[C6,6,6,14P][Cl] also proved unsuccessful.

It should also be noted that dialysis with

[C2,4,4,4P][Et2PO4] and [C2MIM][Et2PO4] were attempted with similar results. Due to the large
volume of IL used for the stepped-dialysis experiment and the limited supply of [C2,4,4,4P][Et2PO4]
and [C2MIM][Et2PO4] stepped-dialysis was not attempted for these ILs.

Figure 11. Pictures from dialysis. (A) Precipitated lysozyme in the micro-dialysis bag. (B)
Recovered lysozyme from centrifugation. (C) Attempt to redissolve recovered lysozyme in 150
mM PBS at pH 7. (D) Attempt to redissolve lysozyme in [C2MIM][EtSO4]
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Following the results with stepped-dialysis, it was apparent that lysozyme remained soluble
in the presence of “some” water/buffer but at some critical concentration irreversible aggregation
occurred.

As a consequence, three alternative and simpler methods for changing solvent

composition were pursued to clarify the observed phase separation. In the first, lysozyme was
directly added to homogeneous IL−water mixtures (“premixed”). In the second, lysozyme was
dissolved initially in water, and IL was subsequently added to fix the final mixed solvent
composition (“IL-added”). And in the third, lysozyme was dissolved initially in neat IL and water
was subsequently added to fix the final mixed solvent composition (“water-added”). In all three
approaches, rather than impose incremental additions, a final composition was obtained by adding
the requisite volume of the second solvent at once, offering a discrete composition jump rather
than the continuous composition adjustment of stepped dialysis. The latter is made impractical by
the slow rate of protein dissolution. After 24 h equilibration under stirring, protein solubility in the
final mixtures was ascertained by turbidimetry. The turbidity of protein solutions placed in 0.2
cm pathlength quartz cells was evaluated using a Hitachi U-3010 spectrophotometer by measuring
the % transmittance at 500 nm. To prevent settling, protein samples were agitated just prior to
measurement.
As demonstrated in Figure 12 (top and middle panels), no lysozyme insolubility is observed
for [C2MIM][EtSO4] in premixed or IL-added mixtures. However, in water-added mixtures
(bottom panel) insolubility is noted at all compositions below 4.7 M IL (90 vol % IL). The latter
explains the precipitation observed during regular and stepped water dialysis of IL-dissolved
protein. The insolubility of protein in IL-rich [C2MIM][EtSO4] mixtures as water is added can be
rationalized by DLS and FTIR data that exhibit slight denaturation in the neat IL; this denaturation
will expose hydrophobic regions that induce aggregation as water is introduced. The
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denaturation/aggregation of lysozyme in water-added ILs appears irreversible, as mixtures remain
turbid for days or more. Intriguingly, a literature investigation by DSC of lysozyme in waterdominated [C2MIM][EtSO4]-buffer mixtures suggested that the IL thermally stabilizes lysozyme,
and the same investigation showed by activity assays that adding 1 M IL to water, refolds the
thermally denatured protein.9

Figure 12. Phase behavior of lysozyme in [C2MIM][EtSO4]-water mixtures. Top: “Premixed”.
Middle: “IL-added”. Bottom: “water-added”.

Figure 13 shows that solubility trends for lysozyme in water-[C2,4,4,4P][Et2PO4] mixtures
are different than those just described for water-[C2MIM][EtSO4] mixtures, most notably with a
narrow range of insolubility surfacing irrespective of mixing order at ∼0.7−0.8 M IL (25-30 vol
% IL). The close appearance of turbidity curves for premixed and IL-added mixtures suggests that
both approaches lead to close-to equilibrium states across the full composition range. If so, the
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folding/unfolding and aggregation/disaggregation transitions suggested at intermediate
compositions are reversible. The insoluble composition range, 0.7−0.8 M, falls approximately
where lysozyme might be expected to “salt out” from the solvent mixture.

Figure 13. Top: “Premixed”. Middle: “IL-added”. Bottom: “water-added”.

Figure 14 shows that solubility trends for lysozyme in water-[C2MIM][Et2PO4] mixtures
are similar to those described for water-[C2MIM][EtSO4] mixtures, most notably, for “premixed”
and “water-added” (top and middle panels), no lysozyme insolubility is observed. Similarly to
[C2MIM][EtSO4], a large insolubility region is observed for the “IL-added” mixtures (bottom
panel) for lysozyme in water-[C2MIM][Et2PO4] mixtures. The cause of this insolubility region is
not as clear as the case of water-[C2MIM][EtSO4] mixtures but a similar rationale can be used to
explain aggregation. DLS results indicate that lysozyme retains its native size, while FTIR results
indicate that there is a disruption of secondary structure (given the amide I peak shift from 1650
30

to 1662 cm-1) in neat [C2MIM][Et2PO4]. This loss of secondary structure may indicate that
hydrophobic regions of the protein are more exposed than in the native state but still somewhat
“protected” by the compacted size of the protein. With these hydrophobic regions exposed, adding
water to the lysozyme-[C2MIM][Et2PO4] mixtures will induce aggregation. The fact that the
protein size does not increase, may explain why aggregation is observed at lower IL concentrations
for water-[C2MIM][Et2PO4] compared to water-[C2MIM][EtSO4] mixtures. Since lysozyme
remains compact in neat [C2MIM][Et2PO4], despite a loss of secondary structure, the hydrophobic
regions may be “protected” and only when a critical concentration of water is reached does proteinaggregation begin. This “protection” argument is largely speculative based on the DLS and FTIR
results. It is equally plausible that the lysozyme is denatured by the IL, but collapses to a size that
matches its native size.
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Figure 14. Phase behavior of lysozyme in [C2,MIM][Et2PO4]-water mixtures. Top: “IL-added”.
Bottom: “water-added”.
31

The most important aspect of Figure 12, 13 and 14 is the large composition span over which
lysozyme dissolves at high IL concentration. The IL effectively “solvates” the protein, a
phenomenon unexpectedly dominating the greater part of the IL−water composition space. The
structure of the protein across this span remains unknown, but one anticipates structures
comparable to that in the neat IL, with the secondary structure somewhat destabilized by the
increased capacity of water to displace intraprotein hydrogen bonds. In all protein systems of high
IL concentration, electrostatic interactions are so highly screened by dissociated IL cations and
anions that their impact on protein structure is unlikely. Whether ILs and inorganic salts behave
differently in regard to protein interactions is unclear, although in the limit as neat liquids, ILs are
clearly distinct from ordinary inorganic salts in supporting protein dissolution.

3.3 Lysozyme precipitation and structure in [C2,4,4,4P][Et2PO4]-water mixtures
The resulting lysozyme phase behavior form the previous section showed an interesting
path dependent mixing behavior for two of the three tested ILs. Given these results, exploration
of methods to bypass the insolubility region using additives and/or temperature were attempted.
For the “IL-added” mixtures, lysozyme dissolved in water-[C2MIM][EtSO4] and water[C2,4,4,4P][Et2PO4] was examined at 50 oC and compared to the phase behavior at 20 oC and can be
seen in Figure 15. Water-[C2MIM][Et2PO4] were not examined at higher temperatures. Instead
for water-[C2MIM][Et2PO4] protein activity was examined using HRP. A topic that will be
discussed in the next section.
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Figure 15. Phase behavior of IL-added mixtures of lysozyme in (A) [C2MIM][EtSO4] and (B)
[C2,4,4,4P][Et2PO4] at 20 oC (squares) and 50 oC (circles)

The insolubility at high IL concentrations of lysozyme in water-[C2MIM][EtSO4] (Figure
15A) remains at 50 oC. At higher temperatures in neat [C2MIM][EtSO4] a larger size is observed
in DLS and it is not unexpected that at 50 oC, turbidity would persist given that lysozyme is
unfolded in the neat IL. In contrast, at low IL concentrations, at 50 oC, turbidity disappears. The
lack of aggregation at low IL concentration is unexpected given the apparent disruption to
secondary and tertiary structure observed in DLS and FTIR in neat lysozyme-IL solutions.

It

should be noted that all of the data in Figure 15 are discreet points. Attempts at a continuous
dilution, even at T = 50 oC, results in irreversible protein aggregation similar to what was observed
in the dialysis experiments.
The phase behavior of lysozyme in water-[C2,4,4,4P][Et2PO4] (Figure 15B), are similar at
20 and 50 oC. At high IL concentrations, there is little to no evidence of turbidity at 20 or 50 oC.
At low IL concentrations, the onset of aggregation shifts to slightly lower IL concentrations (cIL <
30 vol %). From what is known about lysozyme solubility in [C2,4,4,4P][Et2PO4], increased
temperature is required to solubilize the protein; therefore it is reasonable at higher temperatures
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lysozyme has a slightly increased solubility in water-[C2,4,4,4P][Et2PO4] mixtures. Much like the
water-[C2MIM][EtSO4] results, any attempts at continuous dilutions from neat IL to water (buffer),
caused irreversible aggregation, regardless of temperature.
The lysozyme-water-IL both showed no way to circumvent the insolubility window using
temperature. In an effort to bypass the insolubility region, a nonionic surfactant, PEG, was used
as an additive. Three different MWs of PEG were tested, 400, 1500 and 3000. PEG was dissolved
in buffer solutions prior to being added to lysozyme-IL mixtures. Lysozyme was dissolved at
concentrations of 10 mg/mL in neat [C2MIM][EtSO4] or [C2,4,4,4P][Et2PO4]. PEG-water mixtures
were added to neat IL-lysozyme mixtures in 5 vol % increments for [C2MIM][EtSO4] and 10 vol
% increments for [C2,4,4,4P][Et2PO4]. After adding the PEG-water mixtures the solutions were
allowed to reach equilibrium for 2 hr before more dilutions were attempted. After 2 hr samples
were visually inspected for aggregation. In all cases, when aggregation occurred, a milky white
solution was observed. A summary of the results including the approximant onset of aggregation
are shown in Table VI.
The results from Table VI indicate that PEG does not help to bypass the insolubility region.
For the case of MW ~400 PEG there is a slight decrease in the onset of aggregation for both
[C2MIM][EtSO4] and [C2,4,4,4P][Et2PO4] for higher concentrations (cPEG ~ 150 or 120 mg/mL).
The shift in onset of aggregation are most likely a result of slow aggregation times, a result that
will be addressed later in this section. Using MW ~1500 PEG, there is no change to the vol % IL
where aggregation occurs. Conversely, for MW ~3000 PEG, the onset of aggregation actually
increases for both ILs. This increase in onset of aggregation is likely a result of the low solubility
of MW ~ 3000 PEG in both ILs. Testing mixtures of water-IL-PEG in the absence of protein
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universally resulted in PEG3000 precipitating out of solution for both ILs at high IL
concentrations.

Table 6. Vol % IL of “water-added” samples where turbidity occurs using PEG as an additive
MWPEG
-

400

1500

3000

CPEG
(mg/mL)
0

Onset of aggregation
(vol % [C2MIM][EtSO4])
75 vol %

Onset of Aggregation
(vol % [C2,4,4,4P][Et2PO4])
30 vol %

150

65 vol %

20 vol %

120

65 vol %

20 vol %

100

70 vol %

30 vol %

86
75

70 vol %
75 vol %

30 vol %
30 vol %

150

75 vol %

30 vol %

120

75 vol %

30 vol %

100

75 vol %

30 vol %

86

75 vol %

30 vol %

75

75 vol %

30 vol %

150

95 vol %

90 vol %

120

95 vol %

90 vol %

100

95 vol %

90 vol %

86

95 vol %

90 vol %

75

95 vol %

90 vol %

It was believed that PEG would help to prevent aggregation of the slightly denatured
lysozyme in [C2MIM][EtSO4]. Unfortunately, not only did PEG fail to prevent aggregation in
[C2MIM][EtSO4] it also failed to prevent aggregation in [C2,4,4,4P][Et2PO4] where lysozyme is
believed to be native size and structure. Clearly, a more complete picture would be required in
order to elucidate the cause of lysozyme aggregation. Thus far, much of the explanations
surrounding lysozyme aggregation relied on extrapolating DLS and FTIR data from neat IL
solutions to the IL-water mixtures but the actual conformation of the protein in IL-water mixtures
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was not known.

Fortunately, water-[C2,4,4,4P][Et2PO4] mixtures are compatible with CD.

Furthermore, water-[C2,4,4,4P][Et2PO4] mixtures do not show the different mixing dependent phase
behavior of the imidazolium ILs making it a good candidate for use testing lysozyme structure
before and after precipitation occurs (without waiting up to 3 days for lysozyme to dissolve in IL).

Figure 16. CD spectra for lysozyme dissolved in (Left) 5 vol % and (Right) 50 vol %
[C2,4,4,4P][Et2PO4] at 25 oC.

Lysozyme was tested in 5 vol % and 50 vol % [C2,4,4,4][Et2PO4]-buffer mixtures. The
resulting CD spectra are shown in Figure 16. For both the low IL and high IL concentrations, the
resulting CD spectra look almost identical for “water-added” vs “IL-added,” confirming the
hypothesis that the order of mixing has little effect on lysozyme-water-[C2,4,4,4P][Et2PO4] mixtures.
At 5 vol % IL, the CD curve displays two minimums at λ ~ 208 nm and λ ~ 230 nm. The minimums
as well as the shape of the curve matches lysozyme native structure in aqueous buffer.62
Conversely, at 50 vol % IL, the CD curve is significantly altered. There is only a single minimum
at λ ~218 nm; which is characteristic of a β-sheet. To confirm β-sheet formation, FTIR, at 50 vol
% IL was tested and is shown in Figure 17.

Native lysozyme has a secondary structure that

consists of ∼45% α-helix, ∼19% β-sheet, and ∼36% random coil and typically has an amide I
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signal near ~1650 cm-1.48 The FTIR results show peaks at 1621, 1651 and 1682 cm-1. The peak at
1651 cm-1 is a result of the α-helix secondary structure of lysozyme while the peaks at 1621 and
1682 cm-1 indicate β-sheet formation. The FTIR and CD results indicate that lysozyme is adopting
more of a β-sheet conformation at 50 vol % IL. It is reasonable that the β-sheet conformation is
adopted due to aggregation (i.e. interprotein β-sheet formation casing aggregation). However,
turbidity measurements at 20 and 50 oC (Figure 15) indicate no aggregation at 50 vol % IL. Either
lysozyme is aggregating at a very slow rate (turbidity measurements are taken 24 hrs after they are

Absorbance (a.u.)

made) or the β-sheet formation is a result of intraprotein interactions.

1600

1650

1700

cm-1

Figure 17. FTIR spectra of the amide I peak position for lysozyme dissolved in 50 vol %
[C2,4,4,4][Et2PO4] and 50 vol % 150 mM PBS D2O at 25 oC
To test the kinetics of phase separation of “water-added” samples, 10 mg/mL of lysozyme
dissolved in [C2,4,4,4P][Et2PO4] was monitored over several days. The results are shown in Figure
18. Initially, only at cIL ~ 30 vol % was aggregation observed. Over time this region of insolubility
expanded. By ~72 hours the 50 vol % IL solution also became turbid; indicating that the β-sheet
formation observed in CD and FTIR was likely a result of interprotein aggregation.
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The

aggregation occurring is slow, over the course of days. Whether the slow aggregation is due to
the higher viscosity of solution, interactions with the cation/anion of the IL or a byproduct of a
“more hydrophobic” environment than pure buffer is unknown.

% Transmittance at 500 nm

100

50

<1 hr
~24 hr
~48 hr
~72 hr

0
0

50

100

vol % IL
Figure 18. Time Dependence of lysozyme phase behavior in water-[C2,4,4,4P][Et2PO4] mixtures
at 25 oC.

3.4 Horse Radish Peroxidase Assay
In parallel with the experiments with water-[C2MIM][EtSO4] and water-[C2,4,4,4P][Et2PO4]
described in section 3.4, an assay for horse radish peroxidase (HRP) was developed for testing in
water-[C2MIM][Et2PO4]. Previously observed DLS and FTIR data for lysozyme dissolved in neat
[C2MIM][Et2PO4] produced mixed results. In an effort to elucidate if [C2MIM][Et2PO4] was
irreversibly denaturing proteins before solubilizing them several assays were proposed as a direct
way to monitor protein nativity and activity. HRP was chosen for several reasons. The activity
assay for HRP is simple and perhaps most importantly the components, phenol, dyes, H 2O2 are
soluble with [C2MIM][Et2PO4].

Furthermore, the DLS and FTIR for HRP in neat
38

[C2MIM][Et2PO4] show promising results (See Appendix B). Rh at room temperature is about
twice the size of the native HRP, but larger than the denatured size of HRP 63 indicating potential
dimerization. As temperature is increased, the size of HRP tracks close with native HRP in
aqueous buffer.63 The FTIR results are equally promising, with HRP in [C2MIM][Et2PO4]
displaying an amide I peak position at 1653 cm-1 compared to the HRP control in D2O where the
amide I peak position is located at 1652 cm-1. The preliminary results all seem to indicate that
HRP had not denatured (though potentially was in a dimerized form at room temperature) and thus
could be tested for activity.
The HRP assay was designed for IL based off of work by Machado et al.64 though for our
IL-water system, the pyrogallol dye was replaced with 4-aminoantipyrine (4-AAP) which is
soluble in neat [C2MIM][Et2PO4]. A full in depth assay protocol is described in chapter 7. Briefly,
for “water-added” mixtures 10 mg/mL was first dissolved in neat [C2MIM][Et2PO4] at room
temperature over the course of several days. Phenol and 4-AAP at 10x concentrations were also
dissolved in neat IL and set aside until necessary. Once HRP had full dissolved, stock solutions
of HRP-[C2MIM][Et2PO4], phenol-4-AAP-[C2MIM][Et2PO4] and water were mixed together with
the final concentration of HRP at 1.0 mg/mL. Finally after confirming no visual turbidity, ~30 μL
of 35 % H2O2 was added to the solution and vortex mixed. The absorbance at λ = 510 nm was
measured after 2 hr and 24 hours.
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Figure 19. Activity assay: absorbance at λ = 510 nm for “water-added” HRP-water[C2MIM][Et2PO4] mixtures. Inset is a picture of “water-added” samples after 24 hrs.
Figure 19 shows the absorbance at λ = 510 nm, as well as an inset picture of the color
change of the mixtures after 24 hrs. The red color, or higher absorbance indicates that HRP is
active. At concentrations of 80 and 100 vol % IL, no activity is detected. This may be a result of
the HRP dimerizing/aggregating in neat IL preventing activity or it could be interference with
reaction due to the imidazolium cation. Though the assay described above is run at neutral pH,
there is evidence from literature that the imidazolium can react with phenol and 4-AAP dye in
alkaline conditions.65 Control experiments in the absence of HRP, successfully produced a color
change at high pH in 80 vol % [C2MIM][Et2PO4] but the color change was to a blue color not the
traditional red color expected from this assay. No color change in control samples in alkaline
conditions absent HRP was observed for concentrations below 80 vol % IL.
The “water-added” results left a somewhat inconclusive result at high IL concentrations. To test
if the IL or the protein was the reason why the HRP failed to produce meaningful results at high
IL concentration, “IL-added” samples were prepared. The “IL-added” assay followed very similar
to the Machado et al. paper,64 with HRP, phenol and 4-AAP being dissolved in stock solutions of
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0.05 M PBS buffer at pH 7 (as opposed to neat IL). Once proper dilutions (of HRP to 1.0 mg/mL)
were prepared, IL was added followed by the addition ~30 μL of 35 % H2O2. Again, the
absorbance at λ = 510 nm was measured after 2 hr and 24 hours.
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Figure 20. Activity assay: absorbance at λ = 510 nm for “IL-added” HRP-water[C2MIM][Et2PO4] mixtures. Inset is a picture of “IL-added” samples after 24 hrs

“IL-added” results are shown in Figure 20. Similar to “water-added” samples, no color
change is observed at 80 vol % IL. From these results it remains unclear if the lack of absorbance
at higher IL concentrations is a result of HRP dimerization, denaturation or aggregation or because
of the a reaction between the IL, phenol and 4-AAP. Conversely, the absorbance is significantly
higher than that observed in the “water-added” samples at cIL < 80 vol %. The increased
absorbance at low IL concentration for “IL-added” mixtures lends evidence that HRP is aggregated
or denatured when first dissolved in [C2MIM][Et2PO4]. Thus aggregated HRP displays a much
lower activity in “water-added” samples compared to “IL-added” samples where there is no
hindrance from aggregation for HRP to fill its catalytic role in the assay.
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3.5 Conclusions
Lysozyme exhibits a large solubility window for all three water-IL mixtures examined in
this chapter. For the cases of water-[C2MIM][EtSO4] and water-[C2MIM][Et2PO4] “premixed”
and “IL-added” solutions show no insolubility up to cIL ~ 90 vol %. It is not clear what causes this
solubility. It could be that the protein remains soluble due to retaining a water shell in these special
cases but it could equally be likely that the insolubility window for “premixed” and “IL-added”
mixtures is above cIL ~ 90 vol % a condition that was not tested. For the “water-added” case, large
insolubility regions are observed for both [C2MIM][EtSO4] and [C2MIM][Et2PO4].

This

insolubility region is somewhat expected for neat [C2MIM][EtSO4] as lysozyme is known to be
partially denatured. Lysozyme in neat [C2MIM][Et2PO4] shows no increase in Rh but a large shift
in the amide I peak position. It is plausible that this is an indication of denaturation without the
accompany size increase. In either case the insolubility region is attributed to a disruption of the
protein native structure (tertiary or secondary structure) that exposes hydrophobic regions.
Lysozyme-water-[C2,4,4,4P][Et2PO4] mixtures exhibited phase behavior independent of mixing
procedure. In all cases there is a large solubility window at high IL concentration. Over time this
solubility window shrinks due to the slow aggregation of lysozyme. This slow aggregation is
potentially a result of the very high viscosity of [C2MIM][Et2PO4] (309 cP for neat IL).46 In all
three ILs, lysozyme exhibits solubility at high IL concentrations, a previously unexplored region
in literature.
Unfortunately, the insolubility region for lysozyme in IL-water mixtures was not possible
to circumvent by means of temperature, dialysis or by addition of a nonionic surfactant. Testing
lysozyme-water-[C2,4,4,4P][Et2PO4] mixtures with CD and FTIR elucidated that lysozyme appears
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to lose helicity and increases in β-sheet conformation at the onset of aggregation. This β-sheet
formation is not observed in at low IL concentrations; indicating there is a critical IL concentration
that is required to cause loss of helicity.
HRP assay results indicate that, at least below 80 vol % IL, HRP is active in both “ILadded” and “water-added” solutions. Based on the low absorbance under similar conditions for
“water-added” samples compared to “IL-added” samples, the HRP is likely forming small
aggregates when first dissolved in IL. These aggregates hinder/prevent HRP from acting as a
catalyst for the assay resulting in lower activity and absorbance. However, at high IL it remains
inconclusive if the lack of absorbance from both “IL-added” and “water-added” mixtures is a
result of the IL or HRP denaturation/aggregation or a side reaction that is occurring between the
IL and the phenol/4-AAP dye.
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CHAPTER 4
POLY(AMINO ACID) CONFORMATION IN [C2,4,4,4P][ET2PO4]-WATER MIXTURES
4.1 Introduction
Model poly(amino acid)s have long been used as test analogs for protein structure. Salt66–
69

, temperature67,69,70 and pH71–75 effects on helicity and solubility were reported for poly(l-lysine)

and poly(l-glutamic acid) in literature dating back to the 1950’s. The helix-coil transition of these
poly(amino acid)s when dissolved in aqueous and organic solvents is well studied68,76,77, but there
is scant analogous literature for ILs. Most relevant, Debeljuh et al. examined the impact of added
triethylammonium methanesulfonate (TeaMs) on the structure of Aβ(1-40) peptide in aqueous
solution and found that the IL enhanced the formation of α-helix when TeaMs concentrations were
70 to 80 wt. %, while at concentrations below 70 wt. %, a β-sheet conformation was stabilized.37
This work indicates that ILs can stabilize an α-helical conformation but potentially across only
narrow window of experimental conditions. The ability of ILs at lower concentrations to stabilize
α-helical protein sequences, and ordered secondary structure more generally, has likewise been
reported several times.
In previous chapters, lysozyme solubility and structure was assessed lysozyme in three neat
ILs, [C2MIM][EtSO4], [C2MIM][Et2PO4] and [C,2,4,4,4P][Et2PO4].28

The latter stabilizes the

protein’s secondary structure to temperatures well above the ordinary aqueous denaturation
temperature of about 65ºC. This IL affords a transparent UV window, absent in most ILs
(especially those supporting protein dissolution at high IL content), that enables standard circular
dichroism (CD) determinations of secondary structure. Exploiting these properties, impacts of IL
concentration and temperature on solubility and helix formation are now pursued for poly(l-lysine)
and poly(l-glutamic acid), the poly(amino acid)s most intensively investigated for secondary
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structure in ordinary aqueous buffers. In such buffers, both display helix-to-coil transitions driven
by pH, with coiled conformations favored under conditions at which the polymers are highly
charged. Our previous work would suggest that these transitions might be shifted by IL addition,
reflecting enhanced helix stabilization. However, the conformational behavior of proteins and
poly(amino acid)s are scarcely investigated for IL-buffer systems, as most previous literature
focused on ILs as buffer additives (i.e., at low IL concentrations, those comparable to the buffer
salts), not as co-solvents.

4.2 Poly(amino acid) Solubility in IL-Water Mixtures
By visual inspection, poly(l-lysine) at 1.0 mg/ml was found to be insoluble in neat
[C2,4,4,4P][Et2PO4] but soluble in the corresponding IL-water mixtures, even those of relatively low
and high IL concentration cIL (up to 75 vol. %) at pH 11. Differently, poly(l-glutamic acid) was
found to be soluble in neat [C2,4,4,4P][Et2PO4] as well as IL-rich mixtures with water (cIL above 65
vol. %) but not in those that are IL-poor at pH 3. Poor scattering contrast in the neat and
concentrated IL prevented more definitive turbidimetry assessments of solubility. FTIR and CD
spectra for poly(l-glutamic acid) in neat IL were taken at T from 25 to 60 oC, and the amide I peak
determined by the former method remained at 1651 cm-1, indicating α-helix irrespective of T (the
FTIR spectrum is given in Figure 7 in Chapter 2), evidencing IL-stabilization of helical
conformation. CD results are similar, with no change in magnitude of [θ] 222 up to 60 oC. ILstabilization of helical conformation for proteins in water-rich mixtures has been explained in
terms of diminishing hydrogen bonding capacity of the solvent, which reinforces the
intramolecular hydrogen bonds that stabilize the helix.78,79
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4.3 Poly(amino acid) conformation in IL-water mixtures

Figure 21. Helix fraction, fHelix, at 25 oC for (A) poly(l-lysine) and (B) poly(l-glutamic acid) as a
function of cIL [0.1 mg/mL poly(amino acid) concentration; pH 11 in (A) and pH 3 in (B)]
The helix fraction for poly(l-lysine) and poly(l-glutamic acid) at 25 oC was determined
using Equation 2,80
𝑓ℎ𝑒𝑙𝑖𝑥 =

[𝜽]𝟐𝟐𝟐 +𝟐𝟑𝟒𝟎

(2)

−𝟑𝟎,𝟑𝟎𝟎

where [θ] 222 is the mean residue ellipticity at 222 nm as determined by CD. Figure 21A plots the
helix fraction, fHelix, of poly(l-lysine) as a function of cIL at pH 11; the polymer is insoluble above
75 vol. %, and fHelix can’t be measured. For 10 vol % < cIL< 50 vol %, soluble poly(l-lysine) adopts
a random coil conformation, as revealed in the CD spectra of Figure. 22. For the higher range, 50
vol. % < cIL< 75 vol %, Figure 21A shows rapid growth of fHelix to ~0.6, the level achieved just
before precipitation. Poly(l-lysine) in the presence of traditional inorganic salts such as KCl and
KSCN does not show a comparable coil-helix transition with salt concentration. Instead, poly(l-
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lysine) simply adopts a soluble helix81–83, or at higher salt concentration, undergoes precipitation,
as is the case with KSCN and here.74,84

Figure 22. Mean residue Ellipticity of poly(l-lysine) in (A) pH 11 buffer with 10 to 40 vol %
[C2,4,4,4P][Et2PO4] vs (B) pH 11 260 mM to 1000 mM KCl. All spectra were taken at 25 oC.
Figure 21B shows comparable cIL trends for poly(l-glutamic acid) at pH 3. Unlike poly(llysine), there is no random coil region. Instead, a large insolubility region exists at cIL below ~65
vol %, a result similar to that observed for the poly(amino acid) with inorganic salts, where at low
pH (< 4), precipitation occurs.74,84 Unique to the IL, at cIL above ~65 vol % and extending to neat
IL, poly(l-glutamic acid) shows fHelix rising from ~0.75 to ~0.91. Poly(l-lysine) and poly(lglutamic acid) conformations at pH 11 and 3, respectively, are both independent of T; for 25 to 60
o

C, in the appropriate domain, fHelix for the polymers remains constant, and where poly(l-lysine)

adopts coiled structures, these structures are maintained. Finally, domains of precipitation for both
poly(amino acid)s persist unchanged up to 60 oC. Figure 23A and 23B offer complete T vs cIL
conformational diagrams for the poly(l-lysine) and poly(l-glutamic acid) respectively.
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Figure 23. Conformational diagram of (A) poly(l-lysine) in pH 11 buffer and varying
concentrations of [C2,4,4,4P][Et2PO4] and (B) poly(l-glutamic acid) in pH 3 buffer and varying
concentrations.

The reversibility of the coil-helix conformational transition displayed in Figure 21A was
tested by dropping cIL from 50 vol. % (helix) to 12 vol. % (coil) and then reversing this drop by
raising cIL back up to 50 vol. % (helix).

As a negative control, an analogous cIL drop was

implemented from 38 vol. % (coil) to 10 vol. % (coil). Figure 24A shows the CD spectra for both
conditions of the control experiment, and these spectra are consistent with coiled conformations.
Figures 24B and 24C display the actual reversibility test, with the former showing the CD spectra
before and after dilution, and the latter showing the CD spectra before and after re-concentration.
Based on the forms of these spectra, the coil-helix transition induced by alteration of cIL is clearly
reversible. Differently, no reversibility was observed when cIL was initially above 75 vol % IL; a
precipitated sample at this cIL initially did not dissolve when cIL was lowered to 65 vol % IL. And,
as mentioned earlier, neither poly(amino acid) would dissolve at higher T if first precipitated.
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Figure 24. Poly(l-lysine) conformational changes as reflected in CD spectra: (A) before and
after dilution from 38 to 10 vol. %; (B) before and after dilution from 50 vol. % to 12 vol. %; and
(C) before and after re-concentration from 12 vol. % to 50 vol. %. Conformations at 50 vol. %
in both (B) and (C) are helical, while at 12 vol. 5, the conformation is coiled.

4.4 Dependences of Solubility and Conformation on pH
Dependences of solubility and conformation on pH were examined for both poly(amino
acid)s at cIL equal to 10, 50 and 80 vol. %. Absent IL (i.e., at cIL equal to 0 vol. %), both materials
display a pH-induced coil-helix transition, poly(l-lysine) as pH is raised above ~pH 10, and poly(lglutamic acid) as pH is lowered below ~pH 4.5 (complicating the latter transition is aggregation
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at slightly lower pH74,84). In aqueous solution, both transitions are readily understood in terms of
the electrostatic repulsions incurred with charging in the pH region above (poly(l-glutamic acid)
or below (poly(l-lysine) the poly(amino acid) pKa. The underlying question is whether the IL
interferes with these transitions, and if so, are impacts the same as observed by adding a simple
inorganic salt.

Figure 25. pH dependence of optical transmission for poly(l-glutamic acid) (filled circles) and
poly(l-lysine) (open circles) in 15 mM saline solutions at cIL equal to (A) 10, (B) 50, and (C) 80
vol. %.
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With IL, the pH-dependent behaviors of the two poly(amino acid)s are strikingly different,
as overviewed in the turbidity data of Figure 25. Poly(l-lysine) is precipitated at pH<10 for the
entire cIL range tested; as this precipitation is not seen in an ordinary buffer, a precipitation
threshold must exist at cIL below 10 vol. %. This threshold was not pursued since its value lies in
the same concentration range as the buffer itself (15 mM), making the buffer identity potentially
significant. While precipitation ensues as pH drops below ~10 vol % for cIL less than ~50 vol. %,
at higher cIL the polymer is insoluble at all pH. In the former situation, at ~10 vol % poly(l-lysine)
adopts a coiled conformations at pH 11, 12 and 13 (Figure 26A), while at 50 vol %, poly(l-lysine)
adopts a helix conformation at the same pH values (Figure 26B).

The overall solubility-

conformation map, given in Figure 4, is much more complicated than when IL is absent.

Figure 26. Mean Residue Ellipticity of poly(l-lysine) in (A) 10 vol % [C2,4,4,4P][Et2PO4] and (B)
50 vol % [C2,4,4,4P][Et2PO4]

In contrast to poly(l-lysine), poly(l-glutamic acid) remains soluble near neutral pH for all
cIL,, as demonstrated in the turbidity data of Figure 25. Below its pKa of ~4.5, poly(l-glutamic
acid) becomes insoluble, increasing the turbidity (lowering transmission), and with increasing cIL,
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the pH at the onset of insolubility shifts downward, reaching pH~2.8 at c

IL,

equal to 80 vol. %.

These solubility behaviors are qualitatively the same as those noted in literature for poly(l-glutamic
acid) with added inorganic salts.74,84 With increasing cIL, the helix-coil region expands, nearly
reaching neutral pH at high cIL. Figure 27 shows the CD curves at 10, 50 and 80 vol % where a
helix is observed at increasing pH with increasing cIL. As with added inorganic salts, this helix is
not pure but rather a helix-coil mix similar that characterized in Figure 21B.

Figure 27. Mean Residue Ellipticity of poly(l-glutamic acid) in (A) 10 (B) 50 and (C) 80 vol %
[C2,4,4,4P][Et2PO4]
4.5 Solubility-Conformation Map of Poly(l-lysine) in IL-Water Mixtures

Figure 28. Poly(l-lysine) conformational map plotted as (A) cIL vs pH. And (B) cKCl vs pH.
Figure 27 B is adopted from Puett Biopolymers. 1968.
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Figure 27 presents the pH-salt solubility-conformation maps for poly(l-lysine) with added
IL and KCl (the latter is adapted from literature74), and the two are strikingly different. Notably,
across the low pH range (pH < ~10.5) in which poly(l-lysine) adopts a coiled conformation in KCl,
at finite cIL the polymer is instead insoluble . At higher pH (~10.5 < pH < ~12), where a helix-coil
mix is found in KCl, the conformation at low cIL is coiled; while at moderate cIL this conformation
is coil-helix Both maps document precipitation at still higher pH (pH > ~12-13), although this
event in IL occurs at a higher pH than observed in KCl. Physical reasons for some of these
differences are suggested and discussed below.
The insolubility of poly(l-lysine) at low pH (< 10) in IL can be attributed to strong electrostatic
binding between the [Et2PO4]- anion and the NH3+ lysine group, which not only partially
neutralizes the poly(amino acid)’s charge but also makes the chain more hydrophobic due to the
counterion’s pendant ethyl groups. By mass action, this binding is greater at larger cIL, and so if
the IL concentration is very low (< 10 vol. %), the poly(amino acid) remains soluble, and because
of significant positive charge, in a coiled conformation.
In the coiled region, the electrostatic binding between the [Et2PO4]- anion and the NH3+
lysine group is less favored due to fewer charged, NH3+, lysine groups present. Instead the
[Et2PO4]- anion can act as a H-bond acceptor with the neutralized NH2 lysine group. The Hbonding between the [Et2PO4]- anion and the NH2 lysine group effectively “re-charges” the
poly(amino acid). The effect of “re-charging” is twofold: (i) the charged poly(amino acid) is now
soluble in the high pH-IL mixture and (ii) it adopts a coiled conformation due to charge repulsion.
A similar effect in formic acid-nylon mixtures occurs between the carboxyl group of nylon and
the proton from formic acid effectively charging nylon with a positive charge.85,86
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The helix-coil region can be explained by a desolvation of the poly(amino acid). At high IL
concentrations, water is effectively “squeezed” away from poly(l-lysine). Without water as a Hbond competitor, intra-poly(amino acid) H-bonding dominates resulting in a helix-coil
conformation. Given the low fraction of helix observed at pH 11 from Figure 21A, it is likely that
there remains some charged poly(amino acid) chains. At high pH and high IL concentrations,
these remaining charged lysine groups become largely neutralized leading once again to
precipitation.

4.6 Solubility-Conformation Map of Poly(l-glutamic acid) in IL-Water Mixtures

Figure 29. Poly(l-lysine) conformational map plotted as (A) cIL vs pH. And (B) cKCl vs pH.
Figure 28B is adopted from Puett Biopolymers. 1968.

Figure 29 presents the pH-salt solubility-conformation maps for poly(l-glutamic acid) with
added IL and KCl (the latter is adapted from literature74).

The two conformational maps are

somewhat similar but with opposing slopes with increasing csalt. At low pH, precipitation occurs
for poly(l-lysine) in both IL and KCl. For the IL case, the pH at the onset of insolubility shifts
downward with increasing cIL, reaching pH ~2.8 at cIL, equal to 80 vol. %.
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In the mid pH range,

a helix-coil is observed for both salts while near pH. The helix-coil region expands, both to higher
pH and lower pH with increasing cIL.. At near neutral pH a coil is observed if cIL is sufficiently low
(< 60 vol %). The expanding helix-coil region with increasing cIL is unique when compared to
inorganic salts where the helix-coil region shrinks with increasing csalt.
In the precipitate region, when the IL concentrations are low, poly(l-glutamic acid) behaves similar
to that of inorganic salts. The polypeptide at these low pHs, is neutralized which leads to
precipitation. Upon increasing IL concentration, the precipitate region shrinks as poly(l-glutamic
acid) remains soluble at increasingly lower pHs. Increasing IL concentrations decreases ε, which
should neutralize poly(l-glutamic acid) at a pH higher than that of buffer. It might be expected
then that the precipitate region increases with IL concentration like it does with poly(l-lysine),
however, poly(l-glutamic acid) is soluble in neat IL. Thus making poly(l-glutamic acid)
neutralized (more hydrophobic) allows it to more easily solubilize in the IL.
Much like KCl, the helix-coil region at low IL concentrations is observed when poly(lglutamic acid) is partially neutralized. Unlike KCl, increasing IL concentrations expands the helixcoil region to include helix-coil formation at low pH (~3) and near neutral pH (~6). At low pH,
the polypeptide is largely neutralized and forms a helix. The main difference between IL and KCl
is where precipitation occurs under these conditions which is addressed above. More interestingly,
with increasing IL concentration, a helix-coil forms at increasingly higher pHs. This is not
observed in KCl or other inorganic salts.71,74,84 By adding increasing concentrations of IL not only
is the solution increasing in ionic strength like inorganic salts but the ε is decreasing. Since the
disassociation energy is inversely proportional to the ε of the solvent, the total number of charges
on poly(l-glutamic acid) decreases with increasing IL concentration.

The IL also acts as

competition for water H-bonds with the polypeptide. By increasing IL concentration water is
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dehydrated from the polypeptide. With less water to compete with the H-bonds of the poly(lglutamic acid) a helix is adopted. Helix formation due to dehydration is observed in many aqueous
alcohol systems (both with and in the absence of salts).79,87
Finally, the coiled region at low IL concentration is very similar to that of KCl. In low IL (or salt)
conditions at pH near neutral, there are many charges on poly(l-glutamic acid). These charges
cause repulsions preventing H-bonding that form a helix and is responsible for the coiled
conformation.

The coiled region increases slightly with increasing KCl concentration but in

increasing IL concentrations, the coiled region very quickly shrinks in size.

4.7 Conclusions
Both poly(l-lysine) and poly(l-glutamic acid) exhibit unique conformational diagrams that
vary with pH and cIL but are independent of temperature. Poly(l-lysine) shows unique phase
behavior vastly different than inorganic salts; precipitation occurring at low pH and a coiled region
occurring at pH > ~10 in low cIL. Poly(l-glutamic acid) behaves similar to inorganic salts at low
IL concentrations but shows a broadening helix-coil region (to both higher and lower pH) with
increasing IL concentration. The unique phase behaviors shown by poly(l-lysine) and poly(lglutamic acid) in IL compared to inorganic salts illustrate potential ways to tailor ILs for specific
proteins.
The conformational and solubility diagrams open a unique opportunity for protein
precipitation and recovery.

By manipulating the pH and IL conditions, a protein with

predominately positively charged groups (analogous to poly(l-lysine)) can potentially be induced
to salt out of solution while a protein with predominately negatively charged groups (analogous to
poly(l-glutamic acid)) remains solubilized. Since the transitions observed through pH and IL
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concentration manipulations are reversible, this could potentially allow for both storage and
recovery of proteins through manipulation of pH and cIL.
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CHAPTER 5
CONCLUSIONS

5.1 Protein Solubility in Ionic Liquids
The results in this work have demonstrated that a variety of proteins are molecularly
soluble in different “classes” of ILs and their mixtures with water. Unexpectedly, protein
solubility appears to be fairly common even in neat ILs, though protein solubility often comes with
a disruption to protein structure. Understanding the tradeoffs between solubility and structure ret
ention in both neat ILs and IL-water mixtures was a major focus of this thesis. While there are
still many unknowns several important trends have been discovered for predicting protein
solubility:
o Hydrophilic ILs (those miscible with water) are more likely to dissolve proteins
than hydrophobic ILs. Like in IL-water mixtures, ILs with long alkyl chains, such
as [C1,8,8,8N][Cl] or [C6,6,6,14P][Cl] on the cation (and likely on the anion as well)
rarely dissolve proteins.
o Interactions between the cation and anion are very important. Factors like pKa,
hydrogen bond acceptors or donors and hydrophobicity all impact protein solubility
and structure. Because interactions involving denaturation and dissolution are
similar a narrowly defined interaction strength is necessary to solubilize proteins
while maintaining native structure.
o A large window of solubility exists above traditional csalt where salting out occurs
but recovering proteins back to buffer appears to result in irreversible denaturation.
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Use of nonionic surfactants, temperature and dialysis unsuccessfully bypassed this
insolubility region.
o Lysozyme dissolved in water before addition of [C2MIM][EtSO4] or
[C2MIM][Et2PO4] shows no insolubility region. It is unclear if this result is due to
water being present when lysozyme is dissolved (i.e. lysozyme retaining a water
shell) or denaturation occurs at high cIL that cannot be reached by starting in water
environments.
While these conclusions are not as insightful as originally hoped, they still indicate that
proteins can dissolve in ILs and there is a large window of solubility in IL-water mixtures. Protein
and structure retention will come down to finding the correct combination of cation and anion for
a particular protein. This task may prove difficult so understanding the underlying interactions
between IL and protein are important. Still, use of ILs for long term protein storage remains a
promising idea. As a final indication the potential for this area of research a picture of four samples
of lysozyme dissolved in 4 different ILs is shown in Figure 30. These samples were prepared
between 4-Dec-2014 and 21-Nov-2015. In all cases none of the samples show any visual signs of
turbidity (nothing is claimed about their structure) indicating at the very least long term prevention
of protein aggregation is plausible in neat ILs.
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Figure 30. Samples of lysozyme in four different ILs. From left to right, (yellow) 15 mg/mL
lysozyme in [C4MIM][SCN] prepared on 4-Dec-2014, (green)10 mg/mL lysozyme in
[C2,4,4,4P][Et2PO4] prepared on 14-Jul-2015, (blue) 20 mg/mL lysozyme in [C2MIM][EtSO4]
prepared 19-Oct-2015 and (orange) 10 mg/mL lysozyme in [C2MIM][Et2PO4]

5.2 Relating Poly(amino acid) Solubility and Conformation to Proteins
The poly(amino acids), poly(l-lysine) and poly(l-glutamic acid), examined show very
different solubility and conformational maps in water-[C2,4,4,4P][Et2PO4].

Solubility and

conformation for poly(l-lysine) in IL-water mixtures is significantly different than those observed
for inorganic salts. While poly(l-glutamic acid) behaves similarly to inorganic salts, except the
helix-coil region expands with increasing cIL, a result not seen for inorganic salts. Using these
results we can attempt to make some predictions about protein solubility.
Proteins with a high number of positive residues (+), lysine or arginine, would have lower
solubility in [C2,4,4,4P][Et2PO4] while proteins with a high number of negative (-) restudies,
glutamic acid and aspartic acid, should have higher solubility. A plot of negative residues vs
positive resides for both soluble and insoluble proteins is shown in Figure. 31. Generally, the
proteins with more negative residues tend to be soluble while those with more positive residues
tend to be insoluble. There are a few exceptions. Both cytochrome c (21 + residues / 9 – residues)
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and chymotrypsin (18 + residues/ 14 – residues) are soluble in [C2,4,4,4P][Et2PO4]. For both these
proteins, the heating process for dissolution, T ~ 60 oC, was higher than their aqueous denaturation
temperature88,89 potentially leading to denaturation. While normally denaturation would produce
aggregates in aqueous solutions, lysozyme in neat [C2MIM][EtSO4] showed no signs of
aggregation after denaturation. It is plausible then that both cytochrome c and chymotrypsin are
soluble, but only after they are thermally denatured. The other outlier is HSA which is insoluble
despite only differing in a few amino acids from BSA. HSA insolubility may be quite simple to
explain, as the original tests with HSA used older samples (over a year old) while experiments
using BSA used newly purchased “fresh” samples. Ageing of the HSA may cause issues with
solubilizing in IL. Of course, Figure 31, does not have enough tested proteins or the variation of
protein charge to really draw too many conclusions. HSA, cytochrome c and chymotrypsin may
be “outliers” because the “trends” are too simple for predicting protein solubility in ILs.
Comparing solubility with negative vs positive residues does not make any predictions on protein
structure. Still there is potential predictive power in this type of analysis that makes it promising
for future study.
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Figure 31. Plot of the number of negative residues vs the number of positive residues for
soluble (green circle) and insoluble proteins (red x) in neat [C2,4,4,4P][Et2PO4].
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CHAPTER 6
FUTURE DIRECTIONS
6.1 Suggestion for Future Experiments
There are several promising leads based off the work provided here. First, expanding upon
the solubility argument of +/- residues by increasing the number of proteins tested (and changing
the pH at which they are tested). Second, using what is known about poly(amino acid) phase
behavior to design systems for protein separations. Finally, testing protein assays in IL-water
mixtures where, ideally, the IL does not chemically react with the components of the assay.
Expanding upon Figure 31, not simply by adding more proteins but also by varying the pH, will
give a better assessment of the interplay between the +/- residues. As state above, this may be an
over simplification to predict protein solubility but the results from poly(amino acids) and initial
protein solubility seem worth pursuing. Adding several “negatively” charged proteins (ideally at
low MW) will help to balance the large number of positively charged proteins. Of course adding
a new protein brings in many other changes, including secondary structure, amino acid sequence,
MW, ect. Therefore taking existing proteins and varying pH or chemically modifying the protein
will minimize the number of changes while still varying the ratio of positive to negative charges.
Ideally, several proteins (predominately a negative, neutral and positive protein at pH 7) dissolved
at cIL > 50 vol % would be varied from neutral pH to both high and low pH. Solubility and structure
would then be assessed visually and using CD, respectively. [C2,4,4,4P][Et2PO4] is ideal for this
scenario because it is compatible with CD but other ILs could be used if a reliable ORD or FTIR
source could be found.
Similar to the above experiments, protein separations could be used by changing pH in a
mixture of positively and negatively charged proteins. An aqueous solution of oppositely charged
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proteins may aggregate but as has been shown at high cIL, aggregation is suppressed. Initially
testing with one protein and varying pH to assess the phase behavior should be attempted. A good
starting point is the lysozyme-water-[C2,4,4,4P][Et2PO4] mixtures where the insolubility region is
well known. By testing how this region changes at different pHs it can then be compared to the
poly(amino acid) conformational diagrams. Using the conformational diagrams of poly(l-lysine)
and poly(l-glutamic acid) as guidelines for positive and negative proteins, respectively, variation
of the pH could be used to predict insolubility. Once insolubility occurs both the soluble and
insoluble protein can be tested for structure using CD, FTIR, ORD, ect.
Lastly, running assays in IL-water mixtures should be attempted. A good starting point
would be HRP in water-[C2,4,4,4P][Et2PO4] mixtures or an IL without an imidazolium cation. “ILadded” vs “water-added” samples are a good comparison to test how potential structural changes
in neat IL environment will affect protein activity. There are several other assays that are good
candidates for testing as well. RNaseA and RNA or Collagenase and Collagen monitor turbidity
changes over time (so no dye is necessary). Figure 32 shows a schematic for how this assay might
work in neat IL. The extra work necessary for finding the right combination of IL might prove
difficult but the payoff of showing protein activity in neat IL (or water-IL mixtures) is worth
pursuing.
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Figure 32. Schematic of Collagenase-Collagen turbidity assay in neat IL.

6.2 Outlook for Proteins in ILs
Throughout this thesis, there are numerous successful examples of proteins that are soluble
in neat IL, remain native in neat IL, show large windows of solubility in IL-water mixtures and
retain activity in IL-water mixtures. Thus far there has yet to be a single IL-protein system where
all of the above is the case. Often the tradeoff to solubility is structure and finding the right
cation/anion combination has proven difficult. Still, understanding the underlying principles for
predicting protein solubility, structure and recovery at high cIL have only just begun. Given the
sheer number of cation/anion combinations it appears plausible that there is a correct combination
that will both solubilize and stabilize a specific protein structure; although the pursuit of finding
the “right” IL may be too difficult and time consuming. It is my hope that the work with
poly(amino acids) turns out to be relatable to proteins and with that result: new combinations of
poly(amino acids) or proteins and IL combinations are tested in the future as there are still many
promising avenues left to explore.
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CHAPTER 7
EXPERIMENTAL METHODS
7.1 Protein Solubility
All protein solubility was initially tested by visual homogeneity. Proteins were dissolved
at 10 mg/mL in neat IL and heated to up to 60 oC for up to 7 days to facilitate dissolution. Once
samples looked visually homogenous protein-IL samples were removed from the heating block
and left to cool at room temperature. Samples were then monitored at room temperature for several
days to assess if there was any visual turbidity.

In some cases protein-IL mixtures (and protein-

IL-water) mixtures were tested using UV-VIS spectroscopy. Expressed as percent transmittance
for 500 nm light, the turbidity of protein solutions placed in 0.2 cm path length quartz cells was
evaluated using a Hitachi U-3010 spectrophotometer. To prevent settling, samples were agitated
just prior to measurement.
In the case of poly(amino acids), the turbidity was assessed through transmittance at 500
nm using a Nanodrop spectrophotomer ND-1000. Three separate experiments were performed
separately and averaged with, with ±2 standard deviation error bars reported.

7.2 Dynamic Light Scattering
DLS measurements of hydrodynamic radius Rh were performed using an ALV (model: SP125) or Brookhaven (model: BI-200SM) scattering instrument operated at an angle between 30°
and 120° and a temperature T between 20 and 90 °C. A thermocouple immersed in the scattering
vat allowed T to be controlled within ±0.5 °C, and across the T range, the IL viscosities and
refractive indices needed for data interpretation were obtained from literature.45,46 Error bars
attached to Rh correspond to 95% confidence intervals of the student t-distribution as calculated
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from three replicate measurements (~2 standard deviation). For the case of BSA and HRP
(Appendix B) correlation functions were difficult to obtain and only a singular successful run is
shown. All Rh distributions were narrow as calculated by CONTIN and second-order cumulants
analyses. All reported Rh was determined via the CONTIN analysis of the correlation function.

7.3 Fourier Transform Infrared Spectroscopy
FTIR experiments for proteins and poly(l-glutamic acid) dissolved in neat IL were
performed on a

Perkin Elmer Spectrum ATR FTIR spectrometer.

Typically, protein and

poly(amino acid) concentrations in neat IL were at 10 mg/mL. In cases where there was high
solubility in the neat IL, concentrations were raised to 25 mg/mL. For control samples, solutions
containing D2O and either 150 mM PBS buffer or 150 mM NaCl saline solutions were used for
testing. These control samples required less protein/poly(amino acid) always used 10 mg/mL
concentrations.
For room temperature analysis, once samples were properly dissolved, a drop of proteinIL or poly(amino acid)-IL solutions were dropped onto the ATR crystal and 64 to 128 scans at 2
cm-1 were measured. Generally, unless otherwise noted, testing samples at higher temperatures
required heating in a heating block while temperature was monitored by a thermometer. After
heating at the desired temperature for 1 hour, a drop of the hot liquid was placed on the ATIR
crystal and 16 scans at 2 cm-1 were measured. This test was repeated three times at each
temperature and the result averaged. A thermocouple was placed in the liquid to monitor heat loss.
In all cases (25 oC to 60 oC) the measurement was completed before the temperature of the liquid
dropped by more than 1 oC.
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7.4 Circular Dichroism
Protein and poly(amino acid) secondary structure was probed in 190 to 300 nm CD scans
(Jasco J-1500) at temperatures T between 25 and 60 oC. CD was only compatible with the IL
[C2,4,4,4P][Et2PO4] as all other ILs tested had very high absorbance in the far UV. For each T and
IL concentration tested, three independent samples were prepared, and the spectrum for each
sample accumulated three scans.
controlled T to ±0.5 oC.

A thermocouple connected to the cuvette cell chamber

The appropriate mixture of IL with either pH 7, pH 11 or pH 3

buffer/saline solution was scanned before each run to facilitate solvent subtraction. At high IL
concentrations (> 50 vol. % IL), elevated UV background absorbance forced the CD spectra to be
cut off at a wavelength λ above 190 nm. Control CD spectra for lysozyme, poly(l-lysine) and
poly(l-glutamic acid) were obtained from pH 7, pH 11 and pH 3 saline solutions, respectively. As
with IL mixtures, a high background UV absorbance in concentrated saline solutions forced the
spectra to be terminated above 190 nm.

7.5 Horse Radish Peroxidase Assay in IL-Water Mixtures
For “water-added samples”: HRP was first dissolved in a 10x solution at 10 mg/mL in neat
[C2MIM][Et2PO4]. This process required heating to 60 oC for one day followed by allowing the
HRP-IL solution to cool to room temperature. 158 mg of phenol and 5.1 mg of 4-AAP dye were
dissolved in 1 mL of [C2MIM][Et2PO4]. Dissolution took up to 24 hours at room temperature or
~10 mins at 60 oC. To prevent exposure to light the 10x phenol-4-AAP-IL stock solution was
covered in Al foil and stored in the dark room. Dilutions of 10x HRP and 10x phenol-4-AAP stock
solutions were mixed with appropriate amounts of [C2MIM][Et2PO4] followed by addition of
water to bring the final concentrations to: 1 mg/mL HRP, 15.8 mg/mL phenol and .51 mg/mL 4-
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AAP. These solutions were prepared in the dark room to prevent exposure to light. After sample
prep was completed they were vortex mixed to ensure good mixing. After vortex mixing ~30 μL
/ mL of 35 % H2O2 solution was added to the samples. Samples were then vortex mixed a second
time. Absorbance measurements at λ = 510 nm were tested using the Nanodrop spectrophotomer
ND-1000. Triplicate measurements of the absorbance were measured after 2 and 24 hrs. Three
separate experiments were performed separately and averaged with, with ±2 standard deviation
error bars reported.
For “IL-added samples”: HRP was first dissolved in a 10x stock solution at 10 mg/mL in
pH 7 0.05 M PBS buffer. Likewise, 158 mg of phenol and 5.1 mg of 4-AAP dye were dissolved
in 1 mL of pH 7 buffer. Dissolution took up to 2 hours at room temperature (no heating was
necessary). To prevent exposure to light the 10x phenol-4-AAP-IL stock solution was covered in
Al foil and stored in the dark room. Dilutions of 10x HRP and 10x phenol-4-AAP stock solutions
were mixed with appropriate amounts of water followed by addition of [C2MIM][Et2PO4] to bring
the final concentrations to: 1 mg/mL HRP, 15.8 mg/mL phenol and .51 mg/mL 4-AAP. Like “ILadded” solutions these solutions were prepared in the dark room to prevent exposure to light. After
sample prep was completed they were vortex mixed to ensure good mixing. After vortex mixing
~30 μL / mL of 35 % H2O2 solution was added to the samples. Samples were then vortex mixed
a second time. Absorbance measurements at λ = 510 nm were tested using the Nanodrop
spectrophotomer ND-1000. Triplicate measurements of the absorbance were measured after 2 and
24 hrs. Three separate experiments were performed separately and averaged with, with ±2
standard deviation error bars reported
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APPENDICES
A. SYNTHESIS OF [C2MIM][ET2PO4]

Figure A1. Picture of the glassware setup used to make [C2MIM][Et2PO4]. The orange colored
liquid is the IL byproduct after 3 days of heating.

A round bottom flask (RBF) was attached to the shenk line and inserted into a silicon oil
bath as shown in Figure A1. Measure out a 1:1 mole ratio of the reagents, N-methylimidazole and
triethylphosphate, structures shown in Figure A2. Add triethylphosphate and a stir bar to the RBF.
Add N-methylimidazole dropwise to RBF while stirring constantly.
methylimidazole cap with rubber stopper.
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After adding the N-

Figure A2. Chemical structures of (A) N-methylimidazole and (B) triethylphosphate

After capping, bubble nitrogen into the RBF for 15 mins while stirring at room temperature.
Following bubbling for 15 mins, heat the silicon bath to ~120 oC in step wise increments of ~ 30
o

C. Once at 120 oC let the solution sit for 3 days. Initially the solution will be clear and transparent.

Once the reaction is near completion the solution will look orange like observed in Figure A1.
After 3 days remove the RBF from silicon bath and let cool to room temperature. Nitrogen can be
turned off at this point. After cooling to room temperature transfer the IL from a RBF to a vacuum
oven glassware. Place the byproduct into a vacuum oven at 150 oC under vacuum for 24 hrs. This
will remove unreactive byproducts. Remove, byproduct from vacuum oven and let cool to room
temperature. Upon cooling to room temperature the IL will look a soft yellow/orange color. If
the IL looks like a dark orange or black color the reaction will have failed.
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B. DLS AND FTIR OF PROTEINS IN NEAT [C2MIM][ET2PO4]

Figure B1. DLS (left) and FTIR (right) of Bovine Serum Albumin in neat [C2MIM][Et2PO4].

DLS results for bovine serum albumin (BSA) in neat [C2MIM][Et2PO4] indicate there are
two sizes. A small size, similar to the literature Rh value of BSA90 and a much larger size
characteristic of a small aggregate. Unlike lysozyme, the FTIR at 20 oC for BSA only exhibit a
slight amide I peak shift from 1653 cm-1 in D2O buffer to 1658 cm-1. This may indicate minor
denaturation or possibly a intraprotein helix stabilization (as indicated by the larger size observed
in DLS).

Figure B2. DLS (left) and FTIR (right) of Horse Radish Peroxidase in neat [C2MIM][Et2PO4]
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DLS results for horse radish peroxidase (HRP) in neat [C2MIM][Et2PO4] at 20 oC indicate
a larger size than native HRP but a smaller size than thermally denatured HRP.64 This may indicate
dimerization (Rh ~ 2 times native size). As temperatures increase the size of HRP in neat IL tracks
closely with literature values of native HRP in aqueous buffer (Rh ~ 3.0 nm). The amide I peak
position at 20 oC as indicated by FTIR is very similar to the control HRP sample in D2O.

60

0.1M Buffer
[C2MIM][EtSO4]

Rh (nm)
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Figure B3. DLS of Ovalbumin in [C2MIM][EtSO4] (red) and 0.1 M PBS buffer (black)

DLS results for Ovalbumin always indicated a single large size (likely a small aggregate)
in neat IL (Figure B3). Curiously, Ovalbumin also showed two Rh values; one similar to native
Ovalbumin in size and one much larger (Figure B4). FTIR testing with Ovalbumin showed no
peak in the amide I region in neat IL.
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Figure B4. DLS of Ovalbumin in 0.1 M PBS buffer indicating two sizes a large aggregate (red
curve) and a smaller size similar to native Ovalbumin (black curve)

74

C. CD CURVES FOR POLY(L-LYSINE) AND POLY(L-GLUTAMIC ACID)
T-Ramp of poly(K) in pH 11 15 mM PBS with 0.05 mM [C2,4,4,4P][Et2PO4]
T ~ 1 oC / 5 mins
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Figure C1. Temp Ramp of poly(l-lysine) in pH 11 15 mM PBS with 0.05 mM
[C2,4,4,4P][Et2PO4]. ΔT ~ 1 oC/ 5 mins
T-Ramp of poly(K) in pH 11 15 mM PBS with 0.05 mM [C2,4,4,4P][Et2PO4]
T ~ 1 oC / 5 mins
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Figure C2. Temp Ramp of poly(l-lysine) in pH 11 15 mM PBS with 0.5 mM [C2,4,4,4P][Et2PO4].
ΔT ~ 1 oC/ 5 mins
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T-Ramp of poly(K) in pH 11 15 mM PBS with 0.05 mM [C2,4,4,4P][Et2PO4]
T ~ 1 oC / 5 mins
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Figure C3. Temp Ramp of poly(l-lysine) in pH 11 15 mM PBS with 1 mM [C2,4,4,4P][Et2PO4].
ΔT ~ 1 oC/ 5 mins
T-Ramp of poly(K) in pH 11 15 mM PBS with 0.05 mM [C2,4,4,4P][Et2PO4]
T ~ 1 oC / 5 mins
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Figure C4. Temp Ramp of poly(l-lysine) in pH 11 15 mM PBS with 5 mM [C2,4,4,4P][Et2PO4].
ΔT ~ 1 oC/ 5 mins
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Figure C5. Temp Ramp of poly(l-lysine) in pH 11 15 mM PBS with 1.31 M [C2,4,4,4P][Et2PO4].
ΔT ~ 1 oC/ 5 mins
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Figure C6. Temp Ramp of poly(l-lysine) in pH 11 15 mM PBS with 1.97 M [C2,4,4,4P][Et2PO4].
ΔT ~ 1 oC/ 5 mins
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Figure C7. Heating and Cooling of poly(l-lysine) in pH 7 15 mM PBS. ΔT ~ 1 oC/ 5 mins
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Figure C8. Heating and Cooling of poly(l-lysine) in pH 11 15 mM PBS. ΔT ~ 1 oC/ 5 mins
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Figure C9. Poly(l-lysine) controls at 25 oC in pH 11 KCl.
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Figure C10. Temp Ramp of poly(l-glutamic acid) in pH 3 15 mM PBS with 1.97 M
[C2,4,4,4P][Et2PO4]. ΔT ~ 1 oC/ 5 mins
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Figure C10. Temp Ramp of poly(l-glutamic acid) in pH 7 15 mM PBS. ΔT ~ 1 oC/ 5 mins.
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D. EXAMINATION OF TK AND CMC FOR SURFACTANTS IN IL WATER
MIXTURES
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Figure D1. Surface Tension vs log(SDS concentration) in water. Dotted line corresponds to
surface tension of water in absence of SDS surfactant.
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Figure D2. Surface Tension vs log(SDS concentration) in neat [C2MIM][EtSO4]. Dotted line
corresponds to surface tension of water in absence of SDS surfactant.
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Figure D3. Determining Kraft temperature for SDS in neat [C2MIM][EtSO4]. Open circles
indicate visually soluble solutions while x’s indicate visually turbid solutions

Figure D4. Determining Kraft temperature for SDS in 80 vol % [C2MIM][EtSO4]-20 vol %
water. Open circles indicate visually soluble solutions while x’s indicate visually turbid
solutions
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Figure D5. Determining Kraft temperature for SDS in 50 vol % [C2MIM][EtSO4]-50 vol %
water. Open circles indicate visually soluble solutions while x’s indicate visually turbid
solutions

Figure D6. Determining Kraft temperature for SDS in 20 vol % [C2MIM][EtSO4]-80 vol %
water. Open circles indicate visually soluble solutions while x’s indicate visually turbid
solutions
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Figure D7. Plot of Tk vs cIL. Cartoons indicate possible explanation for each region (high vs
low IL concentrations)
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